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ABSTRACT

Benjamin, Christopher Jerome. Ph.D., Purdue University, December 2015. Non-Fouling
Affinity Platforms for Protein Immobilization In Electron Microscopy. Major Professor:
David H. Thompson.

Single-particle reconstruction has grown significantly with the improvements in
various data collection and computational strategies including CTF fitting, the use of
vitrified samples and the utilization of ultra-sensitive direct electron detectors. Although
these improvements have contributed significantly to the recent evolution of 3D
reconstruction analysis, the way samples are prepared for electron microscopy has
remained largely unchanged. We report the development of TEM grids that are modified
with non-fouling coatings bearing surface grafted nitrilotriacetic acid substituents that
promotes specific capture of protein targets for high resolution TEM analysis. The
utilization of these grids for specific adsorption of the targeted protein onto the grid
surface results in well-controlled surface concentration enhancements and a days-tominutes reduction in time required for the preparation of a purified sample for cryoEM
analysis from an E. coli expression system. The selective and reversible capture of his-tag
T7 bacteriophage, RplL, and GroEL from crude lysates, as well as purified nanodiscsolubilized his-malFGK2, on these NTA-modified grids with an exceptionally low level
of adsorption by non-target proteins has been observed. Our data illustrates the utility of

xviii
these grids for selective capture from complex mixtures, detergent-solubilized membrane
protein isolates, and expression systems yielding low copy numbers of the desired target
in a manner that is well-suited for single particle reconstruction analysis.

1

CHAPTER 1: INTRODUCTION

1.1 Chapter Overview
This chapter is devoted to introduce the audience to the affinity grid concept, and
cover the history, design, and rationale of these materials in electron microscopy. You
will see how we innovate using technologies that shape the way researchers collect
electron microscopy data by improving on current techniques and modifying existing
materials for their use in entirely new ways. In the later chapters, we will cover
mechanisms and experimental details using these materials and our view moving
forward.

1.2 Biomacromolecular Drug Design
The first step in drug development is identifying the best therapeutic targets.
Typically, the target of drug molecules are proteins which frequently play a role in
patient ailment or disease. This is not surprising as proteins essentially perform the
‘work’ of the cell, and interference or deletion of these task may result in disease state.
Proteins are made up of any combination of 20 possible amino acids. These long ‘strings’
of amino acids fold into a highly specific arrangement of sheets, loops, and helices to
give each protein unique shape and chemical properties, and in essence, with identical
proteins sharing the same amino acid sequences and 3D shape. These chemical and

2
physical (shape) properties are two key features when considering drug specificity for
protein, with a high degree of 3D complementarity between drug and target protein
yielding more potent therapeutics. It is important to minimize the level of off-target
effects as the drug may unintendedly interact with other proteins in the cellular
environment resulting in side-effects. With this information, it is obviously important
that researchers continually seek highly specific, potent drugs for the future of patient
clinical therapy.

1.3 Methods of Structure Determination

1.3.1 Section Overview
In order to design drugs to specifically match the properties of protein, insight must be
gained on how the drug could potentially interact with the protein at the molecular level.
Researchers use methods such as X-Ray crystallography, nuclear magnetic resonance
(NMR), and transmission electron microscopy (TEM) to probe the 3D structure of
biomolecular targets such as proteins. Generally, computer models of the active site
(where the drug molecule binds) of the protein are generated, where upon complementary
drug molecules are designed to optimally fit the active site. None of these methods allow
the researcher to ‘see’ the atoms directly, however, the data collected from each one of
these methods allows one to elucidate the electron density of the protein and accurately
determine the orientation of atoms in space within the object.
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1.3.2 X-Ray Crystallography
X-ray crystallography has historically been the workhorse of 3D structure elucidation.
In this method, the first step is the growth of 3D crystals, in which the protein settles into
a highly repetitive pattern made up of unit cells, where the unit cells represents the
smallest symmetrical volume that when translated three dimensionally represents the
crystal structure as a whole, and it is the structure of the unit cell to be determined by this
technique. The second step is to irradiate the highly organized crystal structure with a
steady and coherent source of x-ray beam. Due to the transparency of these materials,
most of the x-rays will pass unperturbed through the crystal, however, a fraction of the xrays will interact with the crystal and scatter producing a 2D diffraction pattern dictated
by the density and orientation of atoms within the space of the unit cell (Figure 1.1). The
diffraction pattern shows up as discrete spots, with each spot representing an imaginary
plane in the unit cell. As the crystal is rotated different diffraction spots appear until
enough information is collected to build an electron density model of the unit cell. Due to
the conformational dynamics and surface irregularities of proteins, crystallization is still a
difficult process, where trial-and-error remains the most widely used crystallization
method in the field. Also, many times, producing purified protein sample to appreciable
quantities that is sufficient for crystallization is a serious challenge with the amount of
protein needed being dependent on the relative ease in the tendency of the protein to
crystallize. As complicated a task protein crystal growth has been, more structures have
been resolved using this route than other structure determination methods combined, but
the challenges this technique presents to drug discovery makes it an impractical technique
for many undiscovered structures. The evolution of this technique has remained stagnant
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recently, and is likely to remain unchanged until better predictability and control of the
crystallization step is realized.

Figure 1.1 Schematic for X-Ray Crystallography (1) X-ray beam emission to
penetrate protein sample (2) Protein crystallized (3) X-rays diffracted from
crystal (4) 2D diffraction pattern recorded
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1.3.3 NMR
NMR, unlike x-ray crystallography, does not require the growth of 3D crystals.
Circulating electrons about an atom generates a magnetic moment. The NMR method
applies an external magnetic field to the sample that these magnetic moments will either
become aligned or opposed to (Figure 1.2). The energy difference between these two spin
states is very small, but is modulated by the strength of the external magnetic field. As
this field increases, the energy difference between these two states becomes larger.
Further increase in the external magnetic field will at some point generate resonance due
to nuclei absorbance of the radio frequency energy. Unlike conventional NMR for small
molecules that routinely uses 1D 1H-NMR, protein studies employs multi-dimensional
NMR where 1H, 15N, and 13C nuclei labeled proteins are used to generate NMR spectra.
The chemical shift relies on the electronic environment of the nuclei at distances up to
5Å. The complex structure and local environments within protein structures, for this
reason, establish a clear distinction between the chemical shifts between nearly all nuclei
within the protein. These types of studies allows researchers to determine atomic
interactions, distances, and angles that makes it possible for the development of electron
density maps for which to fit the sequence of the protein and ultimately the 3D structure.
The major pitfall of this technique is that the data becomes difficult to interpret with
larger protein structures due to peak overlap, with a M.W. cutoff ~35kDa. Therefore, this
technique is limited to rather small protein structures. Another pitfall is that like X-Ray
crystallography, there remains a high demand on sample quantity that may be difficult to
produce for some protein targets. Ultimately, there remains a need for improved methods
for building electron density maps.
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Figure 1.2 Protein Structure Determination using NMR (1) Isotopic labeling of
amino acids (2) 3D NMR Spectrum collected from labeled protein (3) Determining
proton-proton distances and angles (4) Restrained amino acid sequence fit into
structure of protein
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1.3.4 Transmission Electron Microscopy
Electron microscopy has increasingly been used by structure biologist to reveal the 3D
molecular structure of target proteins. Since the light microscopy is a term familiar to
most people, by comparison, the light microscope and electron microscope have the same
basic optical theory. They essential task of a lens is to manipulate radiation into some
point of focus, in in microscopy a source of illumination is focused onto the sample using
these lenses. In light microscopy the source is light and the lens is made up of glass that
bends light. In the case of electron microscopy the source is electrons and the lens is an
electromagnetic lens which bends electrons. In light microscopy the final imaged can be
visualized directly by eye, however, in electron microscopy visualization of the source
electrons requires the assistance of additional tools such as charge coupled devices. The
Abbe equation is regularly applied to these optics to project the highest possible
resolution that can be achieved with these techniques. When considering a wavelength of
400 nm for light and 0.005 nm (wavelength at 60 kV) for electrons then the Abbe
equation dictates that the theoretical resolution is 192 nm for light and 0.0034 nm for
electron microscopy. To put this into perspective, the distance between two points that
can be resolved in theory for electron microscopy (when using 60 kV) is 40 times less
than the typical length between two carbon atoms in a molecule. There are a few setbacks
prevent researcher from achieving such resolution, which we will discuss later, but the
optics of traveling electrons makes electron microscopy a powerful tool for 3D structure
determination. Single Particle Reconstruction (SPR) is a technique used in electron
microscopy to reveal the final 3D structure of protein targets. To obtain the highest
possible resolution with this technique, samples are embedded in a thin layer of vitreous
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ice where upon illumination of the sample reveals 2D projections of the protein. This
imaging condition is referred to as CryoEM. In order to construct a 3D model, each
projection must be represented in the data. The projections are classified, and correlated
to some slice in the 3D structure, where they are essentially spliced together to form a 3D
representation of the protein. This process is called class-averaging where noisy
projections are classified into their representative view of the 3D structure, and the
averaging of the signals across these noisy projections increases the signal to noise ratio.
The final class averages are used to build an initial 3D model and refined to an accurate
representation of the final 3D structure of the protein. Unlike x-Ray crystallography and
NMR, the quantity of the sample needed for analysis by cryoEM is diminutive by
comparison. Also, in cryoEM crystals are not needed for data collection and 3D
reconstruction of larger protein is advantageous in this technique, whereas it is a
disadvantage in x-ray crystallography and NMR.
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Figure 1.3 Schematic for Single Particle Reconstruction (1) Protein
frozen in vitreous ice irradiated with electrons (2) 2D projection in
electron micrographs (3) Class averages of representative projections
(4) Computer assisted 3D reconstruction of previously unknown
structure
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1.4 Identifying Problems in TEM Data Collection Addressed in this Thesis

1.4.1 Section Overview
Improvements have been made in electron microscopy that has brought researchers
closer to the theoretical resolution limits of electron imaging. The improvements made in
this field can be put into 3 categories. The first is computational-level contributions
researchers have made to the field. These improvements are generally the aim of
mathematicians, biophysicist, and computer scientist that introduce concepts that are
usually computer program related. After sample preparation and imaging, the final steps
in SPR involves computational methods that mathematically represents the raw image
data as algorithms for identifying and picking particles, classifying them, contrast transfer
approximation, noise identification and subtraction, conformational sorting, 3D model
building, and model verification. Much work is currently being dedicated to improving
these computational methods that has increasingly allowed researchers to get the most
useful high resolution information from noisy TEM images. The second category of
improvement is at the microscope-level. In this case, research has contributed to making
changes to the way samples are imaged. The introduction of cryoEM, holey carbon
substrates, aberration corrected lenses, newer image acquisition tools (direct detectors),
and microscopes capable of automated data acquisition have all contributed to pushing
the resolution limits of the electron microscope. Here, a third category is introduced,
sample-level improvements. In this case, attention is given to chemical and biochemical
level in which the sample is acquired. Affinity substrates have been used to concentrate
protein onto TEM grids for imaging. More recently, researchers have used these
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substrates to isolate and image proteins from complex mixtures of cell lysate without
prior purification of the sample. Not much attention has been given to this type of
research, which is surprising since currently, sample preparation in TEM is more of a
challenge than simple operation of these microscopes. The work in this thesis
encompasses strategies to improve data collection through this route, as we improve on
existing methods of sample acquisition for TEM. Current affinity grids lack mechanical
stability, where the affinity monolayer is prone to molecular exchange, making them
weak candidates for the immobilization of protein in detergent containing samples. Also,
there are no affinity grids that meet the challenges of preferred orientation, nor are
designed to increase the electrical stability of the sample in cryoEM. We have designed
various affinity substrates that offer new routes in which to meet these challenges.

1.4.2 Preferred Orientation in TEM
In order to generate an accurate 3D model using cryoEM, a complete set of
representative 2D projections, that when reconstructed fills up 3D model space, should be
present in the raw TEM data. Before high resolution imaging using cryoEM, sample are
often imaged using negative stain methods. Negative staining is often used as a screening
tool in TEM prior to cryoEM data collection. In this technique, the sample is cast in
heavy metal ions. These ions embed the sample in an electron conductive layer that
protects the protein from radiation damage. The durability, relative ease of preparation,
and high contrast in the images makes negative staining an ideal screening tool, as
opposed to cryoEM. Also, this technique is often used to build low resolution structures
of the molecular envelope and orientation of the particle subunits which are often used to
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complement cryoEM data. An ideal sample for TEM would adsorb randomly to the
amorphous carbon substrate of TEM grids. Unfortunately, some samples are non-ideal
and adsorb to the grids in a highly specific orientation making it impossible to build
complete 3D models of the protein target. This issue occurs mostly in negative stain
samples that are dependent on the particle’s adsorption to the carbon substrate, however,
preferred orientation has proven to be a challenge in ice embedded cryoEM samples as
well. Moreover, exaggeration of the preferred orientation effect has been observed in
affinity substrates which usually orients the sample onto the grid driven by the affinity
process.

1.4.3 Radiation Damage
Perhaps the major limitation of cryoEM is the occurance of radiation damage that
results from electron scattering. The scattering of electrons is due to specimen interaction
with the electron beam, and often introduces large-scale structural changes to the protein.
This is problematic for high resolution structure determination since non-optimal imaging
conditions must be met in order to limit exposure of the sample to the electron beam.
Such imaging conditions include decreasing the exposure of the sample to the electron
beam (which is on the time scale) and using minimal amounts of electron dosages (~10
electrons/Å2). Decreasing the electron exposure and dosage results in a drop-off in the
image signal-to-noise ratio. For this reason, cryoEM samples are often difficult to
interpret and particle alignment is a proven challenge due to image contrast limitations.
Electron irradiation damage can occur though a number of different types of interactions.
One of the main mechanisms of radiation damage is due to diffusion of high energy
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radicals that stem from high energy deposition from the electron beam. These radicals
and other species (such as –OH and H2O2) can form within the solute and particle itself
causing rapid chemical degradation of the sample. The damage that occurs through this
route is the dominant mechanism of sample damage observed in cryoEM where molar
amounts of radicals are often produced.1 These effects can be limited by the propagation
of incoming electrons away from the biomolecules.

1.4.4 Mechanical Stability of Affinity Grids
Most affinity grids are designed to interact with the sample in a highly specific way.
The uses of affinity grids include the concentration of highly diluted samples onto the
carbon substrate, the immobilization of protein complexes, and the capture of protein
targets directly from cell lysate mixtures essentially by-passing the need for traditional
methods of purification. To date, the mainstay of the affinity grid platform has been the
lipid monolayer which act to immobilize protein targets. Like lipids, cell membrane
components are also amphiphilic, leaving lipid monolayers prone to exchange with parts
of cellular lysates. Furthermore, the interaction between the monolayer and amorphous
carbon substrate relies on weak Van-der waals forces, and simple TEM sample
preparation methods can severely impact the integrity of the lipid monolayer. Also, to
date, there has not been an atomically thin affinity film used to modify holey carbon
substrates that can be stored under dry conditions for long periods of time without
threatening the performance of the affinity layer. One of the main setbacks in
modification of holey carbon substrates is maintaining the 2D film integrity over time
due to dehydration effects.
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1.4.5 Existing Affinity Substrates for Single Particle Reconstruction
Unique biological processes are regularly carried out by large complexes which can be
potentially visualized by electron microscopy. It is estimated that there are 100’s of these
processes which take place within the cell.2 Because these complexes are often too
unstable to survive lengthy standard purification protocols, they are not suitable for
electron microscopy studies using these traditional sample preparations. For this purpose,
the idea of high resolution imaging after rapid, selective, and clean purification of these
complexes has been proposed over the years. Affinity substrates that can selectively
capture specific proteins have been designed for rapid isolation of protein targets.
Researches have used various surfaces for this approach such as nucleic acid based
substrates,3 direct amorphous carbon functionalization,4 and most widely used 2D lipid
monolayers.5 The most popular lipid monolayer formulations include a 2-fold concoction
of DLPC (1,2-Dilauroyl-sn-glycero-3-phosphocholine) and DOGS-NTA-Ni2+ (1,2-di(9Zoctadecenoyl)-sn-glycero-3-[(N-(5-amino—carboxypenyl)iminodiacetic acid)succinyl]
(nickel salt)) most notably carried out in the Kelly Laboratory.6 The specificity between
these substrates and the target is dictated by the affinity between NTA-Ni2+ and histidine
tagged proteins, however, the NTA-Ni2+ has been substituted for capture moieties such as
antibody5 and biotin in other approaches.7 Although these approaches have proven
successful in the rapid isolation of protein complexes, these substrates suffer from a lack
of chemical and mechanical stability, preferred orientation of the protein, and currently
cannot survive dehydration and long term storage after sample deposition.
In this thesis we will present various substrates such as lipid monolayers and graphene
based materials to overcome the pitfalls in this field.
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1.5 Our Approaches in Addressing Pitfalls to High Resolution Imaging

1.5.1 Lipid Monolayer Approach
We employ a lipid monolayer approach to address the issues described above. The
design of our lipids are meant to provide solutions to the following (1) mechanical
stability (2) radiation damage and (3) preferred orientation of affinity lipid adsorbed
samples.
The nature of lipid molecules makes them surface active when placed into an aqueous
phase. When a drop of lipids is cast onto the aqueous phase they occupy some area (cm2)
of the surface at the air/water interface. This initial spreading of lipids depends on the
number of lipid molecules casted and is only a single molecule thick. These lipid films
are commonly referred to as Langmuir films. The surface properties of these films can be
modulated using a Langmuir trough, which compresses them, and monitors the change in
surface properties as a function of this compression (Figure 1.4). One parameter that is
monitored is the available area the lipids occupy. As the barriers engage the lipid film,
the available area these lipids can occupy decreases. Another parameter monitored is the
surface tension which changes as the film is compressed. This measures the amount of
‘work’ that is needed to compress the lipid molecules. Different phases are observed as
the film is compressed. An uncompressed film typically behaves like a gas where surface
molecules rarely encounter one another. A more spatially constrained phase is reached
upon further compression where the lipid film has less surface mobility. In this regime
the molecules in the film begin to interact more and is said to be condensed into a liquid
phase. Upon further compression a solid-phase monolayer is reached where the lipid

16
molecules have very little surface mobility, and the packing is limited to the chemical and
physical properties of the lipid molecules. Further compression leads to super saturation
of the lipid molecules at the surface where the exclusion volume of the lipid molecules
begin to overlap, forming alternative secondary structures, leading to collapse of the
monolayer film.

Figure 1.4 Schematic for Compression of Langmuir Films (1) Gross
Anatomy of Langmuir trough (2A) Gaseous state of Langmuir film
upon deposition (2B) Liquid phase of Langmuir film after
compression. (2C) Solid phase of Langmuir film upon further
compression
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We modify TEM grids with ‘true’ monolayer solid state films using LangmuirSchaefer transfer (Figure 1.6), where lipids can be replaced with any other surface active
molecule that exhibits these behaviors. Even though much work has been done with lipid
monolayer based affinity films, surprisingly, no other group has used the Langmuirtrough to fabricate TEM grids. Their methods have included simply oversaturating the
surface with lipid, then transferring these films onto TEM grids to create an affinity
substrate. This gives our group a distinct advantage over the batch-to-batch control
mechanisms in transferring these films, and we are the only research group that can
accurately claim to have consistently transferred ‘true’ lipid monolayers for affinity grid
fabrication.

Figure 1.5 Schematic for Langmuir Transfer Methods (1) Compressed
monolayer and substrate to be modified (2) Langmuir-Schaefer and Langmuir-
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The lipids that we use in our monolayer formulation are 2-fold, each with their own
functional design. We synthesized mPEG350-DTPE and NTA-PEG2000-DSPE (Figure
1.6A and 1.6B). The role of mPEG350DTPE is to provide our lipid monolayers with
added mechanical strength. After the formation of solid state monolayer, adjacent lipid
chains polymerize which interlocks neighboring molecules by forming polyacetylene
(Figure 1.6). This feature further increases the robustness of the lipid layer as the
polymeric form of the lipid layer is more difficult to solubilize than monomeric lipid
molecules, and historically, pure polyacetylene has been difficult to characterize due to
this insolubility. Additionally, polyacetylene has gathered attention as a conductive
organic polymer, and these polymers have been fabricated to obtain an electron mobility
up to 105 S m-1, approaching that of silver and copper.8 We wish to exploit the
conductivity of this polymer to our benefit as an approach prevent radiation damage in
cryoEM. Therefore, we use mPEG350-DTPE to provide mechanical stability and
conductivity to lipid monolayers, both of which are novel designs to affinity grid
approaches. In chapter 2, the additional role of mPEG350 will be discussed in detail,
which allows these materials to be used as an antifouling substrate.
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Figure 1.6 Molecular Structures of (1) mPEG350-DTPE and (2) NTA-PEG2000DSPE. (3) Polymerization reaction between DTPE lipid tails

The NTA-PEG2000-DSPE component of the monolayer is used to provide a flexible
tether to which the protein binds. The presence of NTA allows this material to be used to
immobilized Histidine tagged (His-tag) protein. This NTA group is linked to main lipid
structure through a long PEG2000 flexible tether, that when fully extended reaches a total
length of 5 nm. The length and flexibility of this tether gives rotational mobility to
captured proteins allowing them to gyrate upon capture enhancing the variability in
representative projections in the acquired image.
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1.5.2 Graphene Oxide Approach
2D graphene based materials have gathered interest in the electron microscopy
field mainly due to its atomically thin structure, strength, and electrical conductivity. We
are especially interested in graphene and graphene oxide as (1) conductive affinity
substrates that offer (2) robust mechanical strength.
Although graphene oxide generally has inferior conductive properties to pristine
graphene, the electron mobility of these materials is dependent on the extent of oxidation.
9

However, after treatment of chemically modified graphene oxide with H2 plasma, it has

been shown to recover some of the conductivity lost to oxidiation. Single sheet graphene
has a conductivity 6 orders of magnitude greater than traditional amorphous carbon
substrates. Also, graphene sheets elastically resist deformation giving them the strength
to survive through harsh TEM preparations.10 Our goal is to modify these 2D substrates
with affinity groups to capture protein from cell lysates. As opposed the single molecule
approach, such as transferrable lipid monolayers, we have covalently attached protein
capture motifs to large sheet graphene oxide. Not having to rely on post-transfer
stabilization, chemistry, we have little doubt that the presence of detergents or other harsh
denaturants would degrade the quality in performance of these affinity substrates.
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Figure 1.7 Schematic for capture of protein using Graphene based materials
2+
(1) Functionalization of graphene oxide with NTA-Ni (2) Introduction of
theoretical His-tag protein (3) Capture of His-tag protein using

Other advantages that graphene offers is that their use as atomically thin
substrates makes them attractive candidates for TEM. At high magnification, the
granularity of amorphous carbon substrates may interfere with the signal of
macromolecules, whereas the low signal from atomically thin graphene materials
minimizes this effect. Furthermore, the limitation of background noise is a serious
hinderance in cryoEM. As the electron beam passes through the media and the carbon
substrate, scattering events occur, which decreases the signal-to-noise ratio, and gets
worse as the thickness of the amorphous ice and carbon substrate increases. The
scattering cross-section of graphene is much thinner than amorphous carbon with
thicknesses of 0.34 nm and ~10-20 nm respectively. There is additional noise from the
background that the phase contrast transfer function (pctf) cannot modulate, which comes
from multiple inelastic scattering events of passing electrons, whereas in fourier space,
the power spectrum of graphene based materials yields a peaks corresponding to
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diffraction peaks (2.13 Å) of pristine graphene owing to the periodicity of this material. 11
This high resolution regime surpasses that typical of most biological sample, thus making
graphene based materials ideal substrates for limiting noise contributions.

1.5.3 Carbon Nanotube Approach
Carbon nanotubes (CNTs) are essentially graphene sheets that are ‘rolled’ up to
form long, tubular structures. The materials can by synthesized on large scale, and share
many chemical and electrical properties with graphene sheets. We focus on using CNTs
as (1) conductive affinity substrates with (2) robust mechanical strength that can be used
to capture protein in a highly specific way to overcome (3) preferred orientation for many
samples in electron microscopy.
CNT’s have been shown to have an electron mobility up to 107 S m-1. The
electrical and heat conductivity of these materials are on par with the most promising
metals. Furthermore, although these materials are flexible and are about six times as light
steel, they possess nearly 100 times the strength giving them incredible mechanical
stability. Carbon nanotubes also have the potential to offer the first 3D substrate that can
be used in cryoEM. With all adsorption sites exposed to the same solution concentration
of protein, the sample will have equal opportunity to bind these sites around the
circumference and along the axis of the carbon nanotube, which negates the preferred
orientation effect. In fact, preferred orientation onto this substrate might be favorable as it
may become evident which projections occur in each case which will further simplify
class averaging. We chemically modify CNTs with an NTA moiety that binds the surface
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of these CNTS to demonstrate the protein immobilization potential these materials
display (Figure 1.8).

Figure 1.8 Schematic for pyrene-NTA-Ni2+ Carbon
Nanotubes (1) Structures for Carbon nanotube and
Pyrene-NTA-Ni2+ (B) Pyrene-NTA-Ni2+ solubilized
Carbon nanotubes
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1.6 Conclusion
In this work we will demonstrate the utility of affinity substrates to immobilize
protein for TEM analysis. Protein targets will be isolated directly from cell lysates,
bypassing traditional methods of protein purification, providing grids for rapid TEM
imaging. We address the weaknesses in current affinity grid work by fabricating
materials that have superior mechanical strength, are electron conductive, and present the
immobilized proteins in multiple orientations to overcome the hurdles of preferred
orientation in electron microscopy. Furthermore, at the end of each chapter we address
some of the shortcomings and future outlook based on our findings in these projects.
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CHAPTER 2: NON-FOULING NTA-PEG BASED TEM GRID COATINGS FOR
SELECTIVE CAPTUREOF HISTIDINE-TAGGED PROTEIN TARGETS FROM
CELL LYSATES

2.1 Project Overview
We report the preparation and performance of TEM grids bearing stabilized nonfouling lipid monolayer coatings. These films contain NTA capture ligands of
controllable areal density at the distal end of a flexible poly(ethylene glycol)2000
(PEG2000) spacer to avoid preferred orientation of surface-bound histidine-tagged (Histag) protein targets. Langmuir-Schaefer deposition at 30 mN/m of mixed monolayers
containing two novel synthetic lipids – 1,2-distearoyl-sn-glycero-3phosphoethanolamine-N-[(5-amido-1-carboxypentyl)iminodiacetic acid]polyethylene
glycolamide 2000) (NTA-PEG2000-DSPE) and 1,2-(tricosa-10’,12’-diynoyl)-sn-glycero3-phosphoethanolamine-N-(methoxypolyethylene glycolamide 350) (mPEG350-DTPE) –
in 1:99 and 5:95 molar ratios prior to treatment with a 5 min, 254 nm light exposure was
used for grid fabrication. These conditions were designed to limit non-specific protein
adsorption onto the stabilized lipid coating by favoring the formation of a mPEG350
brush layer below a flexible, mushroom conformation of NTA-PEG2000 at low surface
density to enable specific immobilization and random orientation of the protein target on
the EM grid. These grids were then used to capture His6-T7 bacteriophage and RplL from
cell lysates, as well as purified His8-green fluorescent protein (GFP) and nanodisc

29
solubilized maltose transporter, His6-MalFGK2. Our findings indicate that TEM grid
supported, polymerized NTA lipid monolayers are capable of capturing His-tag protein
targets in a manner that controls their areal densities, while efficiently blocking nonspecific adsorption and limiting film degradation, even upon prolonged detergent
exposure.
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2.2 2D Polymerizable Film for Histidine-tagged Protein Capture from Cell
Lysates
Lipid monolayers have been used to concentrate proteins at interfaces for structure
determination, as first described by Uzgiris and Kornberg.1 Subsequent affinity
monolayer developments explored a variety of affinity lipid-ligand interactions such as
biotin-streptavidin, ATP lipid-ATP binding protein, Ni2+:nitrilotriacetic acid (NTA)hexahistidine-tagged (His6-tag) protein, or Cu2+:iminodiacetic acid-His6-tag protein.2
Many of these efforts were focused on the development two-dimensional crystallization
methods using nitrilotriacetic acid (NTA)-modified lipid conjugates,3-8 with some cases
showing the potential of NTA lipids for structure elucidation with resolutions in the 10 –
25Å regime.4 NTA lipid monolayers were extended to the realm of cryoEM single
particle reconstruction by Walz and coworkers, with the structures for 50S ribosomal
subunits,9 transferrin-transferrin receptor complex,10, 11 and human RNA polymerase II12
reported using a commercially available NTA lipid conjugate, 1,2-dioleoyl-sn-glycero-3[((N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (DGS-NTA), in mixed
monolayers with DLPC. They also extended this technique to the retrieval of protein
targets from cell lysates;10, 12 however, the potential of the approach is currently limited
by the low stability,9 non-specific fouling,10 and preferred orientation13 limitations of
DGS-NTA:DLPC monolayers.
We report our attempts to address these challenges by depositing non-fouling PEGlipid14-16 coatings containing common affinity ligands like NTA2, 7, 8, 17, 18 onto TEM
grids.19 These coatings are prepared by compression of lipid films whose NTA surface
density and PEG mushroom-brush conformational state can be controlled by initial film
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composition and applied surface pressures prior to deposition onto the EM grid. Brush
conformation methoxypolyethylene glycol (mPEG) coatings are highly non-fouling,20-22
thereby enabling the application of cell lysates directly onto the grid and removal of the
non-specifically bound material in subsequent buffer washing steps. (Figure 2.1).

Figure 2.1 Mechanism of anti-fouling by PEG brush layers (A) PEG
mushroom to brush transition (B) PEG dehydration and elastic
restoration effect.

In addition to the reduced sample quantity demands required for cryoEM analysis, the
shortened sample processing times also limit the opportunities for proteolytic degradation
and/or protein unfolding of the His6-target that may occur during standard sample
processing protocols. Langmuir-Schaefer deposition of a mixed monolayer containing
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two synthetic polymerizable lipids – 1,2-(tricosa-10’,12’-diynoyl)-sn-glycero-3phosphoethanolamine-N (methoxypolyethylene glycolamide 350) (mPEG350-DTPE) and
1,2-(tricosa-10’,12’-diynoyl)-sn-glycero-3-phosphoethanolamine-N-[(5-amido-1carboxypentyl)iminodiacetic acid]polyethylene glycolamide 2000) (NTA-PEG2000DTPE) – prior to treatment with a 5 min, 254 nm light exposure was used to prepare
stabilized affinity monolayers supported on carbon coated EM grids. These grids were
then used to capture His6-T7 bacteriophage and His6-RplL from cell lysates, as well as
purified histidine-tagged green fluorescent protein (His8-GFP) and nanodisc embedded
His6-MalFGK2 (Figure 2.2). Our findings indicate that polymerized NTA lipid
monolayers are capable of capturing His6-protein targets in a manner that controls their
areal densities, while efficiently blocking non-specific adsorption and limiting film
degradation upon prolonged detergent exposure.

Figure 2.2 Generalized scheme for LS-transfer of lipid onto TEM grids and lysate
deposition (A) PEG mushroom to brush transition after compression (B) LS2+
transfer of lipids onto TEM grid. (C) Polymerization and Ni charging of NTALipid (D) Lysate drop applied to surface of modified surface. (E) Buffer wash to
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2.3 Experimental

2.3.1 Cell Lysate Preparations
Cell Lysate Preparations: The ASKA library, a complete E. coli K-12 ORF archive in
which over 4000 bacterial proteins have been cloned into pCA24N expression vectors,
was used. Each protein coding ORF has an N-terminal His6 and a C-terminal green
fluorescence protein (GFP); each protein coding ORF is also available without the GFP
fusion (which are the strains used in these studies). Cells containing the RplL gene
overexpression vector were grown to OD = 0.6 in 100 mL of LB broth using a 37 °C
shaker/incubator and induced with a final concentration of 1.0 mM IPTG before allowing
to grow for an additional 4 h. After centrifugation, the supernatant was discarded before
resuspending the cell pellet in lysis buffer (20 mM Tris, 10 mM MgCl2, 100 mM KCl,
pH=7.4, 100 µg aprotinin, 174 µg PMSF, 500 µg lysozyme) and incubation for 20 min.
The cell membranes were disrupted by sonication (35 pulses, 1 sec/pulse at 75 W) before
centrifugation of the suspension at 11,000 g for 10 min. The supernatant containing His6RplL was diluted 10-fold before application to the TEM grid for analysis.
Purified C-terminal His8-tag gp10 (capsid protein) of T7 bacteriophage was typically
produced at a concentrations of ~1 x 1012 particles/mL. BL21 bacteria cells in 1 mL of
LB media were grown to OD = 0.8 before addition of T7 bacteriophage (1.0 µL,
1.0X1012 particles/mL) to the culture and shaking at 37 °C for 1 h. After centrifugation of
the cells, the supernatant was used directly for TEM grid analysis.
His8-GFP Purification: A glycerol stock of E. coli cells, transformed with the His8GFPuv pT7-7 plasmid was shaken at 37 C overnight before addition to 250 mL of LB
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media with shaking at 37 C until an OD600 of 0.7 was reached. Then, a 1.0 M stock
solution of isopropyl-β-D-thiogalactopyranoside (IPTG) was added, bringing the final
concentration to 1.0 mM, before shaking continually at 37 C for an additional 5 h. The
cells were then centrifuged at 11,000 g for 10 min, the supernatant discarded, and the
pellet re-suspended in 10 mL of lysis buffer (50 mM NaH2PO4, 100 mM NaCl, pH = 8.0,
100 µg aprotinin, 174 µg phenylmethanesulfonyl fluoride (PMSF), and 500 µg of
lysozyme). The suspension was allowed to stand for 20 min before the cell membranes
were disrupted using 3 rounds of sonication (35 pulses of probe sonication, 1 sec/pulse at
75 W with 1 sec rest/pulse) and the debris pelleted by centrifugation at 11,000 g for 30
min. The supernatant was incubated with 100 µL of Ni-NTA agarose beads and gently
rotated for 4 h. The beads were pelleted using a bench top centrifuge operating at 5,000 g
for 2 min. The supernatant was discarded and the pellet was washed with PBS buffer
containing imidazole (50 mM NaH2PO4, 100 mM NaCl, 10 mM imidazole, pH = 8.0).
The same spin and wash sequence was repeated with 15 mM, 20 mM, and 30 mM
imidazole in PBS. The protein was eluted from the resin after a final spin, discarding of
supernatant, and incubation with 500 mM imidazole in PBS for 4 h. The removal of
imidazole was achieved by dialyzing the eluted protein against PBS (50 mM NaH2PO4,
100 mM NaCl, 10 mM imidazole, pH = 8.0) overnight using a 10,000 MWCO Slyda-ALyzer. The protein was characterized using 12.5% acrylamide SDS-PAGE gel
electrophoresis. Purified Maltose Transporter Solubilized in Lipid Nanodisc: The
methods used to purify and insert His6-MalFGK2 maltose transporter in lipid nanodiscs
derived from membrane scaffolding proteins (MSP) followed those described in a
previously reported protocol.23
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2.3.2 Langmuir-Schaefer Film Deposition onto TEM Grids
Langmuir-Schaefer Film Deposition Onto TEM Grids: Stock solutions of two lipid
mixtures (1:99 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE and 5:95 Ni2+:NTAPEG2000-DTPE:mPEG350-DTPE) were prepared in CHCl3 at 2.0 mg/mL and stored at 80 °C. Each of these were spread via 10 L microsyringe at the air-water interface of a
KibronTrough and compressed to a final surface pressure of 30 mN/m (i.e., ~59
Å2/molecule for 1:99 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE monolayers and ~66
Å2/molecule for 5:95 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE monolayers). The
compressed lipid monolayers were deposited onto TEM grids by Langmuir-Schaefer
transfer using tabbed TEM grids (Ted Pella) to enable grid approach at 180 (and the
transfer forceps at 90) relative to the air-water interface and the LS film immediately
blotted with filter paper. (n.b.: Standard TEM grids and forceps produced extensive
disruption of the interface during the LS transfer step, making it impossible to determine
accurate grid transfer ratios under these conditions.) The supported monolayer films were
then polymerized for 10 min using a handheld 8W/m2 254 nm lamp that was placed 6 – 8
cm above the grid surface before transfer to a standard TEM grid box for later use.
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2.3.3 Sample Preparation for Epifluorescence Microscopy
Fluorescence Microscopy: Sessile drops of His8-GFPuv solution (3.5 µL, 2.0 mg
GFP/mL in PBS) were deposited onto 1:99 Ni2+:NTA-PEG2000-DTPE:mPEG350DTPE, 5:95 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE, 100% mPEG350-DTPE, or
bare carbon coated grid surfaces for 2 min, followed by removal of excess sample using a
microsyringe. Grids were then washed 3 times with 20 µL drops of Tris buffer before
removal of the excess solution via microsyringe. For elution of Ni2+:NTA-bound T7
bacteriophage from the surface of the grid, 500 mM imidazole was deposited on the grid
surface for 5 min before washing twice with 20.0 µL of PBS. After preparation, the TEM
grid was sandwiched between a microscope slide and coverslip and sealed with nail
polish before recording the fluorescence images.

2.3.4 Negative Stain Procedure for His-tag Immobilized Protein Targets
Negative-staining Procedure: T7 bacteriophage and RplL cell lysate samples were
prepared by incubating a 5.0 µL drop of cell lysate on the grid surface for 2.0 min before
gentle removal by microsyringe. The grids were then washed 6 times with 20 µL drops of
Tris buffer followed by a final wash with 20 µL of distilled water. A 5 µL drop of 2%
uranyl acetate was placed on the grid for 1 min before removal of the excess solution
with a wedge of filter paper. Ni2+:NTA-immobilized samples were eluted from the grids
by adding 5 µL of 500 mM imidazole in Tris buffer immediately after sample deposition
(i.e., instead of 6 Tris buffer washes). Nanodisc solubilized MalFGK2 and purified T7
bacteriophage samples were prepared in the same manner as the cell lysate samples,
except that the incubation time of the samples on DLPC and mPEG350-DTPE modified
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grids was increased to 3 min. Negatively stained samples were imaged using a Tecnai
TF20 transmission electron microscope operating at 200 kV.

2.3.5 Preparation of Frozen Hydrated Samples for Cryo-EM
Preparation of Frozen Hydrated Samples for Cryo-EM: TEM grids modified with
stabilized 5:95 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE monolayers were treated
with His-tag protein samples as described above for negative-staining. After application
of the protein solution, the excess sample was removed by blotting the grids twice for 3
sec with an offset of -1 at 80% humidity using a Vitrobot (FEI Company). The grids were
then cryo-fixed by plunging into liquid ethane and imaged at 200 kV on an FEI CM200
transmission electron microscope using low-dose techniques. Images were recorded using
a Gatan Ultrascan CCD.

2.3.6 TEM Grid Carbon Coating Procedure
A Formvar solution was prepared by dissolving 100 mg Formvar powder in 50 mL
DCM. Copper grids (400 mesh) were purchased from Ted Pella and sonicated in acetone
for 30 min before drying overnight in a dust free environment. Glass microscope slides
were freshly cleaned with detergent, rinsed exhaustively with distilled water, dried
overnight in a vacuum oven, and stored in a dust free environment until coated with
Formvar solution for 30 sec by partial immersion before drying for 5 min. The edges of
the glass slides then were scrapped with a razor before floating the Formvar film on water
by submersion of the glass slide into a darkly tinted Pyrex glass dish. The pre-cleaned
copper grids were placed atop the floating Formvar film (15 - 20 grids, shiny side down)
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and picked up with a pre-cleaned glass slide before transfer to a Petri dish to dry
overnight. Then, a carbon film was evaporated onto the glass slide with the TEM grids
facing up before removal of the Formvar film by placement of the grids on top of filter
paper soaked with CHCl3 in a glass Petri dish for 30 min. Finally, the filter paper was
removed and the grids dried overnight in a dust free environment before transfer to a
standard TEM grid storage box.
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2.4 Performance of Modified TEM Grid

2.4.1 Langmuir Surface-Pressure Isotherms
CHCl3 stock solutions of the lipid mixtures were prepared, spread at the air-water
interface at 20 C, a 5 min incubation period allowed for evaporation of the solvent, and
the films compressed at a rate of 10 Å2/molecule until collapse at 30 mN/m – 35 mN/m
for the mixed monolayers and 40 mN/m for pure mPEG350-DTPE monolayers. The
pressure-area isotherms shown in Figure 2.3 for 1:99 and 5:95 NTA-PEG2000DTPE:mPEG350-DTPE lipid mixtures displayed gradually increasing surface pressures
upon film compression, except that the onset of surface pressure occurred at larger
molecular areas as the NTA-PEG2000-DTPE composition in the film increased. We
attribute this observation to the displacement of surface-adsorbed NTA-PEG2000 from
the air-water interface as previously described24 for mixed mPEG2000-lipid monolayers.
As this desorption process progresses, the majority component, mPEG350, undergoes a
mushroom-brush regime transition upon compression to 30 mN/m while the NTAPEG2000 fraction remains in the mushroom configuration. The extension of the
PEG2000 polymer mushroom conformation from the surface of the film can be
calculated by Lo = αN(α/D)2/3, where Lo = the length of PEG graft, α = length of PEG
monomer (3.5 Å), N = number of ethylene glycol units in the PEG chain (i.e., 45), and D
= the distance between grafting sites. For a lipid film containing 1% NTA-PEG2000DTPE, the grafting site separation is estimated to be 47 Å and the Lo = 2.8 nm. Fully
compressed 5:95 NTA-PEG2000-DTPE:mPEG350-DTPE monolayers are estimated to
have a grafting site separation of 9.4 Å and a NTA-PEG2000 graft extension of 8.2 nm.
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As the lipid film is compressed below 113 Å2/molecule, the mPEG350 fraction enters the
brush regime, while the NTA-PEG2000 polymer chain accommodates further
compression by extending farther away from the air-water interface in a concentrationdependent manner. Consequently, a longer NTA-PEG was prepared for these studies
since it would confer greater conformational freedom to the immobilized histidine-tagged
target and present it in a greater diversity of possible orientations for cryoEM single
particle analysis.
Since the lipid films typically collapsed at surface pressures above 30 mN/m, the
monolayers were compressed to 30 mN/m prior to Langmuir-Schaefer (LS) transfer onto
carbon-coated grids that were not subjected to glow discharge before LS deposition. This
method produced transfer ratios between 0.89 – 0.97 for the LS deposition step.
Photopolymerization of the lipid monolayer was initiated by placing the grids ~6 – 8 cm
from a handheld UV lamp and irradiated for 10 min. Grid performance as a function of
varied irradiation time suggested that a 10 min exposure was most favorable.
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Figure 2.3 Surface pressure Isotherms for 1% NTA-PEG2000-DSPE:99%
mPEG350-DTPE and 5% NTA-PEG2000-DSPE:5% mPEG350-DTPE
formulations.

2.4.2 Lipid Monolayer Imaging by TEM
After monolayer film transfer onto 400 mesh grids and staining with freshly prepared
1% UO2(OAc)2, TEM images revealed the presence of large continuous areas exceeding
900 m2 in size that were punctuated by much smaller zones of higher contrast (Figure
2.4). We infer from these findings that the large area regions were monolayer films with
occasional, interspersed domains of bilayer and trilayer films arising from partial
monolayer collapse during compression that were preserved by the photopolymerization
process. Sufficiently large areas of the grid were coated by stabilized monolayer film
structures to make them suitable for negative stain and cryoEM studies; however, the
multi-layer sections of the film were helpful for monitoring the stability of the film in the
presence of detergents as described below.
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Figure. 2.4 TEM images of stabilized lipid monolayer (A) Large, continuous
area of lipid film (B) TEM representation of multilayered areas of lipid film

2.4.3 Probing the Anti-fouling Properties of Mpeg350 Brush Layer
The anti-fouling properties of the mPEG350 brush layer within the stabilized
monolayer coating was probed qualitatively using fluorescence microscopy analysis of
His8-GFPuv adsorption onto these modified surfaces. Wide field and line scan
fluorescence microscopy analysis revealed that glow discharged bare amorphous carbon
surfaces possessed nearly 20-fold greater fluorescence intensities after exposure to His8GFPuv than grids bearing mPEG350 brush regime coatings (>8000 RFU and ~400 RFU,
respectively; Figure 2.5). Our data shows that the fluorescence distribution was uniform
over both types of surfaces, however, in rare instances there were small variations in
fluorescence observed. In those cases, we attribute the areas of decreased fluorescence to
grid regions with an incomplete carbon coating, whereas zones of substantially increased
fluorescence were ascribed to incomplete LS transfer of the brush layer mPEG350-
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DTPE. We infer from these findings that non-specific binding of protein on the brush
regime mPEG350-DTPE coated grids is much lower than that of glow discharged bare
carbon films due to the combined effects of molecular weight, polymer hydration,
excluded volume, elastic restoration, and grafting density on the surface that enhance the
antifouling properties of the mPEG coating.21, 25, 26 In some cases, low molecular weight
PEG polymers such as mPEG350 display greater antifouling properties than their higher
molecular weight counterparts since the shorter PEG chains are better able to form a
more densely packed layer.27, 28 Based on these findings, we concluded that brush regime
mPEG350-DTPE monolayers, deposited onto a carbon coated surface by LS transfer,
would be a good candidate for blocking non-specific adsorption of macromolecules onto
EM grid surfaces. To test this assumption, we conducted a comparative study between
DLPC monolayers and mPEG350-DTPE stabilized monolayers, both deposited via LS
transfer, using bare carbon grids as a control.
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Figure 2.5 Fluorescence microscopy analysis of EM grids coated with
mPEG350-DTPE. After compression to the brush regime, LS transfer onto
carbon coated grids, photopolymerizatized, as described in the Experimental
Section. The grids were then exposed to 2.0 mg/mL His6-GFPuv for 2 min,
followed by three MilliQ water rinses to remove unbound protein. (A)
Appearance of non-modified grid (A) and mPEG350-DTPE modified grid (B)
after exposure to GFP. Then (C) pixel intensity line scan of (A) and (B)

2.4.4 Preventing Fouling of His-T7 Phage
Purified His6-T7 bacteriophage (1011- 1012 particles/mL) was used to probe the nonspecific adsorption properties of DLPC and mPEG350-DTPE stabilized monolayercoated grids at higher resolution, with carbon coated, glow-discharged grids serving as a
control. The sample precipitated on grids lacking modified DLPC or MPEG350
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monolayers (Figure 2.6 A). We identified virus-like particles on these grids, as shown in
Figure 3A (inset); however the poor sample quality produced on unmodified, glowdischarged grids made accurate quantification of adsorbed virus particles impossible.
Therefore, we only quantified virus adsorption onto DLPC and mPEG350 modified grids,
as discrete particles could be discerned in both cases. DLPC coated grids were found to
decrease the amount of T7 that was adsorbed to the grid relative to bare carbon grids
(Figure 2.6 B), indicating that interactions between T7 bacteriophage and the DLPC
monolayer are not as favorable. Nonetheless, a significant amount of occult debris
remained on the DLPC monolayer coated grids. Grids coated with mPEG350-DTPE
stabilized monolayers; however, displayed a greatly reduced accumulation of both T7 and
debris (Figure 2.6 C). The appearance of the virus particles in these samples included
round-like objects as well as more familiar icosahedral, six sided projection of the mature
form. The T7 phage particle here represents the immature form where an absence of
mature capsid shell protein gives results in the rounded appearance of these particles.29
The low abundance of T7 phage particles highlights the antifouling opportunities of these
PEGylated surfaces. Quantitative comparisons of the T7 particle densities on DLPC and
mPEG350 monolayers revealed an accumulation of ~110 particle/1 μm2, and 5 particle/1
μm2, respectively. We infer from these findings that mPEG350-DTPE stabilized
monolayers are the most effective toward blocking non-specific adsorption of T7
bacteriophage (Figure 2.6 D). Low magnification images of purified T7 deposited onto
both DLPC and mPEG-DTPE stabilized monolayer coated grids reveal a substantially
lower background in the case of mPEG350-DTPE coated grids (Figure 2.6 E and 2.6 F).
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Figure 2.6 Comparative performance of uncoated (bare carbon, glow-discharge),
DLPC, and mPEG350-DTPE coated grids toward non-specific protein adsorption
(i.e., lacking NTA groups to promote specific binding). The capacity of these
grids to reject non-specific protein adsorption was tested by negative stain TEM
analysis using His6-T7 bacteriophage in purified form or within cell lysates. (A)
Purified His6-T7 bacteriophage on glow-discharged bare carbon grid; (B) purified
His6-T7 bacteriophage on 100% DLPC monolayer coated grid; (C) His6-T7
bacteriophage on stabilized 100% mPEG350-DTPE monolayer coated grid; (D)
number of non-specific contaminants adsorbed from purified His6-T7
bacteriophage solution onto bare carbon grids (blue), DLPC coated grids (red),
and mPEG350-DTPE coated grids (green) as determined by counting 60
randomly selected fields across 3 different grids for each grid type; (E) His6-T7
bacteriophage in cell lysate applied to 100% DLPC coated grid; and (F) His6-T7
bacteriophage in cell lysate applied to stabilized 100% mPEG350-DTPE coated
grid.
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2.4.5 Selective Capture of His6-GFPuv
After evaluating the capacity of these grids to inhibit non-specific adsorption, we next
turned our attention to their ability to direct affinity-guided interactions with NTAmodified grids. First, we used fluorescence microscopy to monitor His8-GFPuv capture
on grids bearing stabilized 1:99 and 5:95 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE
monolayers. Wide-field fluorescence images (Figure 2.7) of Ni2+:NTA-PEG2000DTPE:mPEG350-DTPE modified grids reveal a non-uniform, concentration-dependent
GFP fluorescence. Occasional spots of bright fluorescence, suggestive of GFP
aggregation, were also observed. The observed average pixel intensities in the
fluorescence line scan analyses were higher for the grids bearing a 5:95 Ni2+:NTAPEG2000-DTPE:mPEG350-DTPE coating than the grids coated with a 1:99 monolayer.
In both cases, the bound His8-GFPuv could be removed from the grid surface after a brief
5 min exposure to either 500 mM imidazole or 150 mM EDTA to remove Ni2+ from the
His8:Ni2+:NTA complex to enable elution of the immobilized protein target from
stabilized, Ni2+ activated 1:99 and 5:95 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE
monolayers. These findings indicate that histidine-tagged targets can be captured in an
NTA concentration-dependent manner, with higher NTA loadings producing greater
target protein concentrations on TEM grids coated with stabilized, Ni2+-activated NTAPEG2000-DTPE:mPEG350-DTPE monolayers.
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Figure 2.7 Fluorescence Microscopy Analysis of EM grids coated with 1:99
or 5:95 NTA-PEG2000-DSPE:mPEG350-DTPE after compression to the
brush regime of mPEG350, LS transfer onto carbon coated grids,
2+
photopolymerization, and Ni activation as described in the Experimental
Section. The grids were then exposed to 2.0 mg/mL His6-GFPuv for 2 min,
followed by three MilliQ water rinses to remove unbound protein. (A)
Appearance of 1:99 coating before and (C) after 500 mM imidazole, pH 7.2
treatment. (B) Appearance of 5:95 coating before and (D) after 500 mM
imidazole, pH 7.2 treatment. (E) Line scans of the regions highlighted in (A)
- (D), showing CCD pixel intensity as a function of position along the grid
using the same protein source, protein deposition time, rinsing conditions,
and fluorescence imaging settings.
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2.4.6 Selective Capture of His-T7 Phage from Cell Lysates
Affinity capture of His6-T7 bacteriophage from cell lysates was then tested by
negative stain and cryoelectron microscopy using grids modified with mPEG350-DTPE
stabilized monolayers, Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE stabilized
monolayers, and Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE stabilized monolayers
rinsed with 500 mM imidazole after lysate exposure (Figure 2.8). In the presence of
mPEG350-DTPE stabilized monolayers, we observed minimal binding of His6-T7
bacteriophage and very low levels of debris from the lysate onto the grid (Figure 2.8 A).
Background adsorption of non-T7 phage debris is highlighted in the inset of this image.
In some cases, T7 particles were not observed on the brush polymer surface even at low
magnification, suggesting a complete blockage of non-specific adsorption. Grids bearing
Ni2+-charged 1:99 NTA-PEG2000-DTPE:mPEG350-DTPE stabilized monolayers were
capable of capturing His6-T7 bacteriophage from cell lysate while limiting the
background adsorption of undesired non-target cellular components (Figure 2.8 B). It is
worth noting that T7 viral particles often give mixed results of negative-stain and
positive-stained particles since uranyl salts may positively stain packaged nucleic acid
within the capsid structure.30 Exposure of these samples to 500 mM imidazole led to
greatly decreased surface adsorption of His6-T7 bacteriophage, suggesting that the
interaction of phage particles with the supported NTA-lipid monolayer is Ni2+ specific
(Figure 2.8 C). We attribute the occurrence of the few remaining particles to either nonspecific adsorption to uncoated grid regions or particles that are avidly bound due to
multivalent interactions between the phage particles and the NTA-PEG grafted surface.
To compensate for particle capture efficiency limitations in samples prepared for
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cryogenic imaging9 due to unfavorable kinetics and/or modest ligand-receptor affinities,31
we examined 1:99 and 5:95 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE stabilized
monolayer coated grids to determine whether the areal density of NTA ligands had a
detectable influence on His6-T7 bacteriophage capture efficiency. Using identical sample
processing methods and incubation times, we qualitatively observed an increase in
particle surface density with increasing Ni2+:NTA-PEG2000-DTPE composition
(unpublished data). Since this comparison was not performed in a side-by-side manner
between 1:99 and 5:95 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE stabilized
monolayers with the same lysate, it is conceivable that these findings may be the result of
different virus titers in the His6-T7 bacteriophage preparations. Nonetheless, these
findings are consistent with the His8-GFPuv experiments described above (Figure 2.7)
showing that higher surface concentrations of affinity capture lipid produces greater areal
densities of immobilized target on the NTA-modified surface, with the 5:95 Ni2+:NTAPEG2000-DTPE:mPEG350-DTPE stabilized monolayer coated grids being more suitable
for cryoEM sample preparation (Figure 2.8 D).
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Figure 2.8 Effect of NTA surface density on His-T7 bacteriophage captured
from cell lysates using negative stain and cryoEM analysis. (A) Negative stain
TEM appearance of grid coated with stabilized 100% mPEG350-DTPE
monolayer after 2 min exposure to cell lysate containing His-T7 bacteriophage;
(B) same as in (A), except that the grid was coated with stabilized 1:99
2+
Ni :NTA-PEG2000-DSPE:mPEG350-DTPE monolayer; (C) same as in (B),
except that the grid was rinsed with 500 mM imidazole, pH = 7.4 after the 2
min lysate exposure step; and (D) cryoEM appearance of grid coated with
2+
stabilized 5:95 Ni :NTA-PEG2000-DSPE:mPEG-350-DTPE monolayer after
2 min exposure to cell lysate containing His-T7 bacteriophage.
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2.4.7 Selective Capture of His-RplL from Cell Lysates
We next demonstrated the capture of the 50S E. coli ribosomal subunit,9 His6-RplL,
directly from cell lysates onto grids coated with Ni2+:NTA-PEG2000-DTPE:mPEG350DTPE stabilized monolayers. Negative stain EM images of His6-RplL lysate deposited
onto grids coated with mPEG350-DTPE stabilized monolayers showed no appreciable
target-specific adsorption onto the grid (Figure 2.9 A). After LS deposition of 1:99
Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE stabilized monolayers onto the grids,
particles consistent with the size and various shapes of the 50S subunit were observed on
the grid surface (Figure 2.9 B). When 500 mM imidazole was added to samples
containing the captured ribosomal particles on 1:99 Ni2+:NTA-PEG2000DTPE:mPEG350-DTPE stabilized monolayers, the previously adsorbed particles were
eluted from the surface of the TEM grid (Figure 2.9 C), consistent with the expectation
that the interaction of His6-RplL with the surface of the grid is Ni2+ specific. Using the
same sample preparation procedure, cryoEM analysis revealed the capture of His6-RplL
from E. coli lysates (Figure 2.9 D) as crown-like projections in some images. These have
frequently been reported and are attributed to the 50S ribosomal subunit. The earliest
reported TEM images of ribosomes were small, featureless bumps on the grid surface;32
however, more powerful tools eventually led to the revelation of several features in the
ribosomal units such as ‘crown-like’ and ‘duck-like’ projections for the 50S and 30S
subunits, respectively.33, 34 Since the RplL protein carries the hexahistidine tag on the 50S
subunit in our construct, we identified many more of these particles bound to the grid
than the 30S subunit. Crown-like projections are clearly seen from the side view of the
50S particle with a central protuberance, a ridge, a stalk, and two groove-like features.
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Figure 2.9 Affinity capture of His-RplL from cell lysates onto stabilized
2+
Ni :NTA-PEG2000-DTPE:mPEG-350-DTPE monolayer coated grids. (A)
Negative stain TEM of grid coated with stabilized 100% mPEG350-DTPE
after 2 min exposure to cell lysate containing His-RplL; (B) negative stain
2+
TEM of grid coated with 1:99 Ni :NTA-PEG2000-DSPE:mPEG350-DTPE
after 2 min exposure to cell lysate containing His-RplL; (C) same as in (B),
except that the grid was rinsed with 500 imidazole, pH=7.4 after the 2 min
exposure to cell lysate containing His-RplL; and (D): cryoEM image of grid
2+
coated with stabilized 5:95 Ni :NTA-PEG2000-DSPE:mPEG-350-DTPE
monolayer after 2 min exposure to cell lysate containing His-RplL.

54
2.4.8 Demonstration of Random Orientations from 50S and 70S Ribosome
A key design feature of these stabilized affinity coatings is their utilization of two
different types of poly(ethylene glycol)-modified lipids, one high molar ratio brush layer
short segment to block non-specific adsorption and facilitate stabilization via
photopolymerization (i.e., mPEG350-DTPE) and a second low molar ratio component to
enable multiple orientations of the captured protein target to avoid preferred orientations
at the monolayer interface and provide a more representative single particle
reconstruction analysis data set. We tested this hypothesis by preparing dozens of TEM
grids bearing stabilized Ni2+:NTA-PEG2000-DSPE:mPEG350-DTPE coatings that had
been treated with His6-RplL containing lysates. CryoEM evaluation of these grids
confirmed that the NTA-PEG2000 tether is capable of both capturing and presenting
multiple orientations of the bound His6-RplL target as demonstrated by the overlay of the
known 50S subunit and 70S complex structures in different rotational configurations onto
the corresponding EM images shown in Figures 2.10 A-D.

55

Figure 2.10 Scanned film captured from cryoEM showing
representative views of His-tag RplL from cell lysates onto stabilized
5:95 Ni2+-NTA-PEG2000-DSPE:mPEG350-DTPE monolayer coated
grids; (A and B) Multiple CryoEM projections of large subunit (50S)
from ribosome. (C and D): Multiple CryoEM projections of full (70S)
particle from ribosome.
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2.4.9 Capture of His-T7 Phage from Lysate as a Function of Dilution
We then expanded our studies to monitoring the capture of T7 as a function of sample
dilution. In order to increase the accuracy of our results, we only compared samples from
the same lysates due to varying levels of overexpression and protein concentration from
different preps. To calculate a rough estimate of the T7 Phage amount in lysate, measured
the intensity of the T7 band relative to the standard curve developed from known
amounts of BSA. We also used these calculation to measure the amount of protein in the
bands of the molecular weight ladder. From our calculations, the amounts of T7 in lysate
are approximately 55 μg/mL. After preparing 1:10, 1:100, and 1:1000 dilutions of the
lysate we observed a decrease in capture efficiency that was around 20 particles/1.5 μm2
for undiluted samples, 10 particles/1.5 μm2 samples diluted 10-fold, 7 particles/1.5 μm2
samples diluted 100-fold, and less than 2 particles/1.5 μm2 samples diluted 10-fold after
incubation of these samples on stabilized 1:99 Ni2+:NTA-PEG2000-DSPE:mPEG350DTPE monolayers for 20 minutes (figure 2.11).
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Figure 2.11 Effect of NTA sample dilution on His-T7 bacteriophage
captured from cell lysates using negative stain and cryoEM analysis. (A)
Negative stain TEM (B) same as (A) in except sample diluted 10 fold (C),
same as (A) except sample diluted 100 (D) same as (A) except sample
diluted 1000 fold (D) Graphical representation of data in panels A-D.
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2.4.10 Selective Capture of Purified MSP Stabilized Maltose Transporter
MSP have become an increasingly popular tool for stabilizing membrane protein
dispersions since it provides a platform in which the local environment of solubilized
membrane proteins resemble the natural environment of the lipid bilayer in cells.35 MSP
are used to corral lipids and membrane proteins within disk-like structures containing a
lipid bilayer interior that can host reconstituted membrane proteins for structure analysis
by electron microscopy,36, 37 protein modification studies,38 and protein activation
analysis.39 We used the purified hexahistidine-tagged maltose transporter, His6MalFGK2, solubilized in MSP lipid nanodisc, for evaluating their affinity capture
properties on NTA-modified stabilized affinity grids. Although His-tag MSP can be used
for affinity purification,40 we used a His6-MalFGK2 construct for nanodisc reconstitution
to ensure that only nanodisc containing His6-MalFGK2 are surface immobilized. We
found that mPEG350-DTPE stabilized monolayer coated grids treated with His6MalFGK2 nanodisc appeared to have fewer particles bound to the grid surface (Figure
2.12 A) than the grids coated with 1:99 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE
stabilized monolayers (Figure 2.12 B). Treatment of the His6-MalFGK2-immobilized
grids with 500 mM imidazole produced a decrease in MSP nanodisc binding to the
surface (Figure 2.12 C), further suggesting that the interaction between nanodisc
solubilized His6-MalFGK2 and the NTA-modified surface is Ni2+ specific. High
magnification images of nanodisc solubilized His6-MalFGK2 immobilized onto 5:95
Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE stabilized monolayers (Figure 2.12 D)
reveal a set of disc-like features in the size range of other lipid nanodisc dispersions (7 –
13 nm in diameter).41 Although the His6-MalFGK2 within the MSP nanodiscs is not
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directly observed due to its small size relative to the nanodiscs, the fact that these features
elute with 500 mM imidazole strongly corroborates the assumption that they contain
His6-MalFGK2. In addition, our images show predominantly top/bottom views of the
particles, i.e., a disk-like appearance in TEM micrographs (Figure 2.12 D), suggesting
that a longer PEG spacer is needed to collect a greater number of side views for this
solubilized target.
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Figure 2.12 Affinity capture of MSP nanodisc containing purified HisMalFGK2. (A) Negative stain TEM of stabilized 100% mPEG350-DTPE
monolayer-coated grid after treatment with His-MalFGK2 in nanodiscs; (B)
negative stain TEM of His-MalFKG2 in nanodisc captured on stabilized 1:99
2+

Ni :NTA-PEG2000-DSPE:mPEG350-DTPE monolayer-coated grid; (C)
same as in (B), except that the grid was rinsed with 500 mM imidazole, pH =
7.4 after the His-MalFGK2 in nanodisc exposure step; and (D) cryoEM of
2+

His-MalFGK2 in nanodisc captured on stabilized 5:95 Ni :NTA-PEG2000DSPE:mPEG-350-DTPE monolayer-coated grid.
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2.5 Assessment of Detergent Resistance of Lipid Monolayers

2.5.1 Robustness of Lipid Monolayers
In order to test the durability of the stabilized monolayers toward detergent exposure,
the modified grids were treated with either 0.03% Triton X-100 (CAC = 0.015%),
0.014% Tween 20 (CAC = 0.0072%), and 0.5% CHAPS (CMC=0.49%) solutions for
varying periods of time before TEM observation. Lipid monolayers adsorbed to solid
substrates display better detergent resistance than lipid bilayers that are prone to
disruption via lipid flip-flop.42, 43 Initial encounter of detergents with the outer bilayer
leaflet results in fluidization and lipid flip-flop from the inner leaflet to the outer leaflet,
eventually leading to complete solubilization of the bilayer structure.43 Inhibition of flipflop due to adsorption of a highly compressed monolayer onto the solid carbon substrate
inhibits flip-flop processes, leading to improved detergent resistance.
Despite some evidence of enhanced detergent resistant of supported DLPC
monolayers, prior attempts to produce TEM grids coated with mixed Ni2+:NTADSG:DPLC monolayers showed that their exposure to harsher detergents such as Triton
X-100, Tween-20, and CHAPS led to monolayer solubilization.9 We tested the detergent
resistance of our stabilized Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE monolayer
coatings under conditions where DLPC monolayers failed by using 0.03% Triton X-100
(CMC = 0.015%), 0.014% Tween 20 (CMC = 0.0072%), and 0.5% CHAPS
(CMC=0.49%) at 5, 15, and 30 min exposures to the detergent solutions. Negative stain
TEM observation of the coatings after detergent exposure indicated that stabilized
Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE monolayer coatings remain intact after 30
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minutes of incubation with Triton X-100, Tween-20, and CHAPS (Figure 2.13). In the
case of Triton X-100, some holes in the monolayer were occasionally observed, but none
were apparent in grids treated with Tween 20 or CHAPS. The capacity of these coatings
to immobilize purified His6-T7 bacteriophage after detergent exposure for 20 min
indicated that a modest reduction in phage binding to the grid occurred, however, the
immobilized His6-T7 bacteriophage particles were bound specifically as indicated by
their ability to be removed by elution with 500 mM imidazole (unpublished data).
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Figure 2.13 Effect of detergent on monolayer stability (A): 1% LipidPEG2KNTA monolayer exposed to Triton for 5 minutes (B) 15 minutes (C): and 30
minutes. (D): 1% Lipid-PEG2K-NTA monolayer exposed to Tween20 for 5
minutes (E) 15 minutes (F): and 30 minutes. (G): 1% Lipid-PEG2K-NTA
monolayer exposed to Triton for 5 minutes (H) 15 minutes (I): and 30 minutes.
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2.5.2 His6-GFP Captured on Detergent Exposed Lipid Monolayers
Fluorescence microscopy analysis of detergent-treated Ni2+:NTA-PEG2000DTPE:mPEG350-DTPE monolayers revealed that the stabilized Ni2+ lipid monolayer
coatings retained their ability to capture His8-GFPuv (Figure 2.14). Pixel intensity data
was collected over the entire fluorescence image to best represent the overall specific
capture capacity of the coating, regardless of whether it had been detergent compromised
or not. In the case of Triton X-100 exposed samples, the fluorescence was occasionally
enhanced near the grid edges, possibly as a result of solubilized or damaged monolayer
near the center of the grid holes that were unable to capture His8-GFPuv in those regions.
We did not see this phenomenon with either CHAPS- or Tween 20-treated surfaces.
These grids exhibited a uniform distribution of His8-GFPuv fluorescence over the grid
holes until the surfaces were treated with 500 mM imidazole to displace the immobilized
protein. Despite the limitations of these stabilized Ni2+:NTA-PEG2000-DTPE:mPEG350DTPE monolayer coatings toward prolonged Triton X-100 exposure, our data indicates
that histidine-tagged proteins can be reversibly immobilized even after detergent
exposure. We infer from these findings that both the integrity of the stabilized lipid
monolayer and the specific affinity capture of the grids remains intact after exposure to
detergents that has proven detrimental to previously reported mixed Ni2+:NTADGS:DLPC monolayers.9
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2+

Figure 2.14 Effect of detergent exposure on 1:99 Ni :NTA-PEG2000DSPE:mPEG350-DTPE stabilized monolayer affinity grids as determined by
fluorescence microscopy using His-GFP as a probe for NTA monolayer
retention.

2.5.3 His-T7 Phage Captured on Detergent Exposed Lipid Monolayers
In the case of Triton X-100, some holes in the monolayer were occasionally observed,
but none were apparent in grids treated with Tween 20 or CHAPS. The capacity of these
coatings to immobilize purified His6-T7 bacteriophage after detergent exposure for 20 min
indicated that a modest reduction in T7 bacteriophage binding to the grid occurred,
however, the immobilized bacteriophage particles were bound specifically as indicated by
their ability to be removed by elution with 500 mM imidazole (figure 2.15).
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Figure 2.15 Negative stain TEM analysis of EM grids coated with 1:99 NTAPEG2000-DSPE:mPEG350-DTPE Capturing purified His-T7 phage after 5
minute exposure to various detergents (A) His-T7 capture on 1% LipidPEG2K-NTA monolayer exposed to Triton for 5 minutes (B) same as (A)
except sample washed with 500 mM imidazole. (C) His-T7 capture on 1%
Lipid-PEG2K-NTA monolayer exposed to Tween20 for 5 minutes (D) same
as (C) except sample washed with 500 mM imidazole. (E) His-T7 capture on
1% Lipid-PEG2K-NTA monolayer exposed to CHAPS for 5 minutes (F) same
as (E) except sample washed with 500 mM imidazole

67
2.6 Improvements and Future Direction

2.6.1 Lipid Monolayer Imaging by AFM
We used AFM to probe stabilized mPEG350-DTPE monolayers before and after
polymerization, and investigate rather or not there is a drastic change in architecture due
to the polymerization (figure 2.16). As a suitable substrate for AFM, we coated silica
wafer substrates with Octadecyltrichlorosilane (OTS) to mimic the hydrophobicity of
amorphous carbon on TEM grids. We used AFM to probe this surface and found surface
irregularities that could interfere with the packing of the lipid monolayer (figure 2.16 A).
We focused our attention to native substrates for TEM, and performed AFM of the
amorphous carbon substrate of a standard TEM grid. We found carbon islands within the
size range of a few hundred nanometers to those approaching ~1 μm (figure 2.16 B).
Given the rather large size of these domains, we believe that the overall surface ‘flatness’
would not hinder the polymerization of the lipid monolayer, as we later confirm by
observation in the change of surface architecture after polymerization by AFM analysis.
Later, we performed a direct comparison between polymerized and non-polymerized
lipid monolayers deposited onto OTS monolayers (figure 2.16 C and figure 2.16 D). We
found that the large order appearance of the deposited lipid monolayers, as sharp-edged
islands, were the same between these two groups, and areas of multilayering is evident, in
the sample. However, there is a stark difference in the between these two samples after
polymerization with the appearance of small holes that are formed in the polymerized
film. This is probably due to the re-ordering of the lipid film after polymerization
allowing lipid molecules to form domains introducing defects within the 2D film (inset of
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figure 2.16 D). Although we show successful immobilization of GFP, MalFGK2,
Ribosme, and T7 phage from E. Coli we suspect that this failure to achieve a continuous
film, after polymerization, may potentially allow some level of unacceptable
contamination from non-specific analytes of other lysates and cell types that could
interfere with the quality of imaging. We continued our use of these polymerized films,
since there is an advantage of increased mechanical stability, but moving forward it is
critical to explore other types of polymerized films that offer less defects after
polymerization.
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Figure 2.16 AFM analysis of mPEG350-Lipid monolayers after LStransfer. (A) AFM image of OTS coated silicon wafer (B) AFM image
of TEM grid coated with amorphous carbon. (C) AFM image of nonpolymerized mPEG350-DTPE on OTS modified silicon wafer. (D)
AFM image of non-polymerized mPEG350-DTPE on OTS modified
silicon wafer.

2.6.2 Some Areas of Detergent Exposed Grids Show Significant Damage
Previously we show that stabilized 1:99 NTA-PEG2000-DSPE:mPEG350-DTPE lipid
monolayers remain intact in the presence of detergents (figure 2.13 and figure 2.15). These
areas represent the bulk of lipid membrane architecture, which remain unperturbed by the
addition of denaturants, but there are some areas we pointed out that showed significant
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damage due to the addition of detergents. We highlight one of these regions on stabilized
1:99 NTA-PEG2000-DSPE:mPEG350-DTPE monolayers that have been exposed to
detergent and His-T7 phage (figure 2.17). Areas with significant damage have lost the
contrast and appearance of multi-layered lipid monolayer, described earlier, and lipid
vesicle-like structures of varying sizes typically decorate the periphery of the areas with
missing monolayer. We identify areas of light contrast that have been stripped of lipid,
while darker contrast areas represent higher mass regions with intact lipid monolayer.
Although we have identified flawed areas on detergent exposed affinity grids, we would
like to note that our results indicate the lipid monolayer maintains the ability to immobilize
His-tag protein. We do not see the detergent stability of these monolayers as a hurdle to
our approach to monolayer purification as the areas damaged by detergent solubilization
typifies a small fraction of monolayer appearance which are non-representative of the
sample whole. It would be interesting to further explore lipid monolayer types, or other
forms of affinity platforms that are completely fail-safe of detergent solubilization and
other types of artifact inducting agents.
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Figure 2.17 Damaged monolayer by detergent exposure maintains His-T7
immobiliation feature. Negative stain TEM analysis of EM grids coated with
1:99 NTA-PEG2000-DSPE:mPEG350-DTPE after compression to the brush
regime of mPEG350, LS transfer onto carbon coated grids,
2+
photopolymerization, and Ni activation, prior to treatment with 0.014%
Tween 20 solution for 20 min. The grids were then treated with purified His6T7 bacteriophage before negative staining and TEM analysis. The area in the
red box has been enlarged in the inset shown in the top right. Although large
areas of the surface have been stripped free of lipid monolayer, the material
remaining still shows the ability to capture His6-T7 bacteriophage. Scale bar
= 400 nm.
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2.6.3 Low Stability of Lipid Monolayer Over Holes of TEM Grids
Holey carbon grids are the most popular substrates used in cryoEM. The central idea is
that thin amorphous carbon typically introduces inelastic scattering of the electron beam
contributing to the background noise in the micrographs. Images taken of sample
embedded in a thin vitreous layer of ice suspended over these holes decreases the level
noise contribution from inelastic scattering. In addition, an accurate assignment of particles
to their projections in the micrographs is critical in class-averaging, which depends heavily
on the contrast between the sample and the background. Images taken of sample over the
holes in the substrate also introduce significantly in improved contrast making the
alignment of particles easier. It is no surprise that we have explored this opportunity using
stabilized lipid monolayer in this approach. After deposition and polymerization of the
lipid layer, we introduced His-T7 phage to the grid (figure 2.18). We found that defects
occurred in every instance of the lipid layer covering the holes of the TEM grids. The
defects seen in the film over the holes may have occurred after polymerization, and the
appearance seems to resemble a film that may have ‘rolled-up’ upon itself. It is interesting
that the His-T7 phage is almost entirely associated with the defected lipid film as opposed
to embedment in the background ice or adsorption to the carbon substrate, further
supporting the idea of attraction of His-tag target to these monolayers. Obviously, we
would like to develop affinity platforms that can be prepared as pre-modified grids and
later dehydrated for later use and maintain the affinity monolayer architecture and capture
performance, which at the present moment is still a hurdle to be overcome. Therefore, we
are still reliant on samples being prepared on holey carbon substrates with a thin,
continuous carbon film.
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Figure 2.18 CryoEM of His-T7 Phage on holey carbon grids
immobilized from lysate on 1:99 NTA-PEG2000DSPE:mPEG350-DTPE

2.6.4 Sample Degradation in the Presence of Electron Beam
The design of our polymerizable lipid has dual functionality which is to increase the
mechanical stability in the presence of harsh denaturing agents such as detergents (data
already shown) and to increase the electrical stability under the electron microscope.
Biological specimens degrade quickly under the influence of the electron beam in cryoEM.
This results from the absence of charge dissipating substances in cryoEM that are required
in non-native imaging conditions of negative staining protocols. We tested the charge
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stability of the lipid immobilized His-T7 phage by observing the amount of sample damage
that occurs over time (figure 2.19). We found that almost immediately there was some level
of sample damage, even at low electron dosages typically used in CryoEM. This led us to
believe that the lipid monolayer does not contribute significantly to the charge dissipation
by design. It is possible that the discontinuity in the monolayer (as indicated by AFM),
may help contribute to the lack of an efficient enough 2D electron mobility through the
lipid layer to overcome the observed level of sample damage, but we found no obvious
advantage in preventing sample degradation through this route using polymerizable lipid
films. We will pursue a more robust affinity layer that may overcome this problem in
cryoEM.

Figure 2.19 Time dependent analysis of sample degradation under the
2
electron beam (A) His-T7 phage exposed to 10 electrons/Å for 3 seconds on
2
holey carbon grid (B) His-T7 phage exposed to 10 electrons/Å for 7 seconds
on holey carbon grid.
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2.7 Conclusion for 2D Polymerizable Lipid Films
Langmuir-Schaefer transfer of compressed, mixed lipid monolayers containing
Ni2+:NTA-PEG2000:mPEG350 headgroups in 1:99 and 5:95 molar ratios are capable of
capturing His-tag protein targets from cell lysates with controllable areal densities and
low degrees of non-specific protein adsorption. Photopolymerization of the mPEG350DTPE component in these monolayers by irradiating for 5 min at 254 nm produced EM
grids with stabilized lipid coatings that were then used to capture His6-T7 bacteriophage
and His6-RplL from cell lysates, purified His8-GFPuv, and nanodisc embedded His6MalFGK2. Our data indicate that the crosslinked lipid coating maintains the non-fouling
properties of the monolayer and provides multiple orientations of the captured target on
the surface, while also affording greater mechanical and detergent resistance than
previously reported for EM grid-supported DLPC monolayers. Although these materials
failed to produce a 2D film with a high enough electron mobility to significantly prevent
sample damage due to electron beam irradiation, the improvements this work provides to
the affinity grid field is two-fold: (1) The higher mechanical stability of the film provides
a more robust affinity platform capable of withstanding harsh treatments with detergents
known to destroy other lipid monolayers. (2) The PEG linker provides enough flexibility
allow multiple orientations of captured His-protein relative to the electron beam.
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CHAPTER 3: A NEW APPROACH FOR TEM GRID FABRICATION AND
SELECTIVE CAPTURE OF HISTIDINE-TAGGED PROTEIN FROM CELL
LYSATES USING MODIFIED GRAPHENE OXIDE

3.1 Project Overview
Single particle reconstruction (SPR) has become an integral tool in structural biology,
that continues to mature as newer instrumentation and methods continue to approach
atomic resolution.1 New materials, such as affinity grids, have the potential to simplify
sample preparation and accelerate the way samples are prepared for cryoEM.2, 3 This
improvement in the SPR task could augment the remarkable advances that have been
made in data collection and data processing with ever improving electron detectors,4
aberration corrected lenses,5 and reconstruction algorithms,6-8 however, the techniques
applied in sample preparation to date have remained relatively unchanged since structure
biologist first began to use electron microscopy.
A recent development in the EM field has utilized affinity grids as the primary tool
used in the sample preparation process, while selectively capturing target protein directly
from lysate, bypassing traditional protein purification steps usually required before
deposition onto standard EM grids.9 The affinity grid concept has been focused on the
use of functionalized lipid monolayers to selectively immobilize protein targets for
deposition onto TEM grids.3, 10, 11 Although lipid monolayers have proven to be
successful and continues to serve as the standard for affinity grid substrates, the
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performance of these grids may be limited by the stability of the lipid film during sample
preparation and by inconsistent monolayer deposition efficiencies, and currently there are
no lipid films that remain stably intact over the holes of the most common substrate used
in cryo electron microscopy (croyEM), holey carbon substrates, after dehydration. This is
speculative and not reported in any affinity grid paper thus far. The need to use hydrated
lipid affinity substrates hiders this field which requires grids to be freshly made before
further sample preparation such as sample deposition and vitrification. Furthermore,
although researchers claim to have successfully fabricated EM grids with lipid
monolayers for affinity capture, no body of work exist that ultimately employs the
Langmuir trough to monitor the surface properties of the lipid film before transfer onto
EM grids. Existing methods utilize the simple concept of adding a drop of lipid to a small
volume aqueous solution that sits atop a Teflon plate without any prior phase
measurements that will suggest rather the films exist in a gaseous, liquid, solid, or
collapsed state with large scale 3D secondary structure. Since it is likely this phase
behavior will influence the capture efficiency of these substrates in some way,
understanding of the phase behavior of the affinity substrate before EM grid modification
is critical in this sense. Whatever the case, it is uncertain rather pseudo-monolayers or
‘true’ lipid monolayers has been the centerpiece of current literature to this date.12
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3.2 Graphene Oxide Films for Histidine-tagged Protein Capture from Cell Lysates
In this work we demonstrate the utility of affinity grids comprised of graphene oxide
monolayer sheets that have been functionalized with covalently linked lysine NTA. Using
overexpressed His6-tagged gp10 from T7 bacteriophage (His-T7) and overexpressed
His6-tagged GroL for the capture of GroEL (His-GroEL) we were able to selectively
adsorb histidine-tagged (His-tag) protein onto grids functionalized with GO-NTA
monolayer sheets. Langmuir-Schaefer deposition of GO-NTA monolayers can be used to
modify EM grids for the capture of His-tag protein directly from lysate, after further
modification wth the common antifouling agent, bovine serum albumin (BSA), to limit
non-specific adsorption of non-targeted cellular debris (Figure 3.1).
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Figure 3.1 Diagram for capture of His-tag targets form cell lysate using GONTA, PABA-GO-NTA, and BSA-PABA-GO-NTA (A) Bacteria cell with
over expressed His-tag target (B) Cell lysis of bacteria cell (C) Deposition of
cell lysate onto Ni2+ activated GO-NTA, PABA-GO-NTA, and BSA-PABAGO-NTA surfaces
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3.3 Experimental

3.3.1 GO-NTA Synthesis
GO was synthesized using an improved Hummers’ method that is simpler, higher
yielding, and does not evolve toxic gas (Scheme 3.1). It has been reported that there is no
decrease in conductivity in the final product between the original and improved method,
making it an attractive route for large scale production of GO. When a 9:1 mixture of
H2SO4 and H3PO4 (130 mL total volume) was added to 1 g of graphite flakes (F516 flake
graphite, 200-300 mesh, Asbury Carbons, Inc.) and KMnO4 (6.0 g, 6.0 wt. equiv.), the
reaction began heating to ~40 °C. The reaction was further heated to 50 °C and stirred for
12 hours before cooling the reaction to 20 °C and pouring it into 120 mL of ice coldwater with 1 mL 30% H2O2. Next, this was passed through a metal U.S. Standard testing
sieve (W.S. Tyler, 300 μm) then passed through a glass wool plug to filter larger
particlates. The filtrate was then centrifuged at 4,000 rpm for 4 h, the supernatant
discarded, and the pellet washed twice with 1:1:1 volumetric ratio of water, 30% HCl,
then ethanol before passing he material through the testing sieve and centrifuging the
filtrate at 4,000 rpm for 4h to collect the pellet. This was coagulated with 200 mL of EtO2
and filtered through a 0.45 μm PTFE membrane to collect the solid. The final material
was vacuum dried overnight, yielding 1.8g of product.
GO sheets (335 mg) were stirred in a mixture of SOCl2 (60 mL) and DMF (1.5 mL) at
70 ˚C for 3 d before evaporating the SOCl2 and DMF and washing the residue with dry
DCM (3 x 50 mL). Acetonitrile (50 mL) and triethylamine (3 mL) were then added and
the mixture stirred for 30 min. t-Butyl-NTA amine (533 mg) was then added and the
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mixture stirred 100 ˚C for 3 d before washing with THF (9,000 rpm for 15 min, 3 times),
H2O (9,000 rpm x 15 min, 3 times) then vacuum dried at 60 ˚C for 24 h. TFA (10 mL) in
THF (30 mL) was added to the vacuum dried t-butyl-NTA-GO (180 mg) and stirred at 60
˚C for 5 h before washing with THF (11,000 rpm x 15 min, 3 times) and H2O (11,000
rpm x 15 min, 3 times). 13-18

Figure 3.2 Synthesis of Graphene Oxide NTA

3.3.2 GO-NTA Exfoliation
We processed the graphene-oxide-NTA sheets by suspension of the powder in 5:1
methanol:water at 1 mg/mL. Exfoliation of the GO-NTA was performed by probe
sonication at 150 watts with 45 s pulse sonication followed by 45 s of rest, which was
repeated for five cycles. The GO-NTA was centrifuged at 1200 g for 10 min after which
the supernatant of the exfoliated sheets was removed from the heavier sheets and
subjected to another 5 rounds of sonication. A final centrifugation at 1200 g for 10 min

86
was performed prior to removal of the supernatant to yield thin sheets of GO-NTA that
were stored for grid coating experiments. It is noteworthy that a second exfoliation
protocol using longer sonication intervals was the most successful for producing thin
sheet GO-NTA. This protocol is similar to that mentioned above except that 5 rounds of
continuous 45 s probe sonication is substituted by a single 45 minute probe sonication
step in pulse mode. Although successful exfoliation was observed in the second protocol,
it generally yielded smaller sheets that are less likely to be practical at yielding good
coverage of the EM grids after modification.

3.3.3 Langmuir-Trough Setup
We deposited exfoliated GO-NTA onto the Langmuir trough bath using a syringe
pump loaded with a gas tight 20mL syringe. The GO-NTA dispersion after purification
was loaded into the syringe and slowly dropped onto the trough at a rate of 100 uL/min
until the surface pressure of the trough reached 16 mN/m. The film was then allowed to
relax for 5 min, followed by a slow compression of the film to 15 mN/m. Isopropoly
alcohol (IPA) was then added to the trough (2 mL aliquots behind the Teflon barriers
using a fine tipped pipet until a total of 10 mL was added) and the film was transferred to
either 1500 mesh TEM grids or silicon wafers by Langmuir-Schaefer Transfer (LStransfer).
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3.3.4 Para Amino Benzoic Acid (PABA) Modification of GO-NTA
GO-NTA was partially deactivated by adding 30 mg of PABA to 10 mL of the 1
mg/mL GO-NTA suspension. This mixture was probe sonicated at 150 W for 30 sec of
continuous sonication and allowed to react for 24 h with continuous rotation to mix the
sample. The PABA-GO-NTA was then exfoliated as descrobed above for GO-NTA
exfoliation above.

3.3.5 Fluorescein Modification
The GO-NTA was modified with fluorescein by adding 2 mg of aminofluorescein to
10 mL of a 1 mg/mL PABA-GO-NTA aqueous solution. This mixture was probe
sonicated for 30 sec at 150 W of continuous sonicaton and then rotated in the dark for
another 24 h. The material was then centrifuged to pellet the GO species before
resuspending in water, addition of 5:1 methanol:water, repelleted, and decanted a total of
10 times. Following the reaction, the Fluorescein-PABA-graphene-oxide-NTA (FPABA-GO-NTA) was exfoliated as described above.

3.3.6 Bovine Serum Alubmin (BSA) Modification
Following Langmuir-Schaefer transfer of GO-NTA or PABA-GO-NTA onto EM grids
and overnight drying in a dessicator, the grids were placed on a strip of Teflon before
addition of BSA (10 μL of 0.1 mg/mL) and incubation for 5 min, followed by 3 washes
20 μL of double deionized water. The modified grids were then stored in a dessicator
until use for affinity capture.
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3.3.7 Fluorescence Microscopy Sample Preparation
F-PABA-GO-NTA was deposited onto 1500 mesh grids in the dark by L-S transfer as
described above. After transfer, the grids were allowed to dry in the dark for 1 d before
sandwiching them between a glass and cover slip with 5 μL of double deionized water
and sealed with nail polish. The grids were then transported to the light microscope for
epifluorescence imaging.

3.3.8 GO Concentration Measurements
The concentrations of the GO-NTA dispersions were measured at different steps of the
synthesis by monitoring the UV-vis spectra of the products. The extension coefficient
data used for one batch of GO-NTA is shown (Figure 3.4 A). Since each batch of GONTA has minor differences, each preparation was evaluated for its own experimentally
determined extension coefficient for further concentration measurements. Standard
solutions used to obtain the extinction coefficient plots were prepared by dispersing a
weighed amount of dry GO-NTA into known volumes of 5:1 methanol:water and
measuring the absorbances at 280 nm across a series of dilutions with 5:1
methanol:water. The extinction coefficient was derived from the slope of these
concentration dependent absorption plots.
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3.3.9 GO-NTA Grid Treatment with Purified T7 Bacteriophage
Purified C-terminal His8-tag gp10 (capsid protein) of T7 bacteriophage was prepared
at a cpmcemtratopm pf 1012 particles/mL, while the fully assembled bacteriophage used
in these experiments was diluted to 1010 particles/mL in HEPES buffer (pH = 7.4). GONTA modified grids were placed on a Teflon strip, 10 μL of 1 mM NiSO4 added and the
grids incubated for 5 min before washing 2 times with 20 μL of double deionized water,
once with 20 μL HEPES buffer, then 3.5 μL of purified T7 phage applied to the surface
and incubated for 2 min. The grids were then washed 2 times with 20 μL HEPES, once
with double deionized water, and stained with 5 μL of 2% uranyl acetate.

3.3.10 GO-NTA Grid Treatment with T7 Bacteriophage Lysate
BL21 bacteria cells in 1 mL of LB media were grown to an OD of 0.8, then 1.0 µL of
T7 bacteriophage (1.0X1012 particles/mL) was added to the growing BL21 bacteria cells.
The virus sample was allowed to shake for an additional 1 hr. After benchtop
centrifugation of the cells, the supernatant was withdrawn for use in T7 bacteriophage
particle capture studies. The grids were Ni2+-activated as described above, except that 5
μL of T7 lysate was applied to the surface before incubation for 2 min. The grids were
then washed 2 times with 20 μL HEPES, once with double deionized water, and stained
with 5 μL of 2% uranyl acetate.
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3.3.11 GO-NTA Grid Treatment with GroEL Lysate
The ASKA library was used to express N-terminal His6-GroEL. Cells containing NHis6-GroEL gene overexpression vector were grown to OD = 0.6 (in 100 mL of LB broth
using a 37 ˚C shaker/incubator) and induced with a final concentration of 1.0 mM IPTG,
before allowing the cells to gro for an additional 4 h. After centrifugation and removal of
the supernatant, the cell pellet was resuspended in lysis buffer (20 mM HEPES, 100 mM
NaCl, pH = 7.4, 100 µg aprotinin, 174 µg phenylmethanesulfonyl fluoride (PMSF), and
500 µg of lysozyme) and allowed to sit for 20 min. Further disruption of the cell
membranes was caused by 110 W probe sonication (35 pulses at 1 second/pulse),
followed by centrifugation at 11,000 g for 10 min. The supernatant containing His6GroEL was diluted 10-fold and assayed for affinity binding using the Ni2+ -activation
procedure described above except that 5 μL of N-His6-GroEL lysate was applied to the
surface and incubated for 2 min. The grids were then washed and stained with 2% uranyl
acetate as described above then used with the affinity grid. The grids were laid atop a
teflon strip where 10 c of 100 μM nickel sulfate was incubated on the grid surface for 5
minutes. The grids were washed 2 times with 20 μL of double deionized water, once with
20 μL Tris buffer, then 5 μL of GroEL lysate was applied to the surface and incubated for
2 minutes. The grids were then washed 2 times with 20 μL Tris, once with double
deionized water, then staining with 5 μL of 2% uranyl acetate.
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3.3.12 GO-NTA Preparation with RplL Lysate
RplL lysates were prepared the same as GroEL lysates above.

3.3.13 CryoEM Preparation of GO-NTA Grids for CryoEM Analysis of GroEL
Lysate
Samples were prepared as described for negative stain above, except that BSA-GONTA modified grids were exposed to His6-GroEL lysate after which excess solution was
removed by blotting twice for 6 sec per blot using an offset setting of -1 at 80% humidity
using a Vitrobot device (FEI Company). The grids were then plunged into liquid ethane
for cryo-fixation and imaged at 200 kV on an FEI CM200 using low-dose techniques.
The images were recorded using a Gatan Ultrascan CCD.
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3.4 Characterization of GO-NTA Materials

3.4.1 FTIR
FTIR spectroscopy was used to monitor the carboxylate t-butyl NTA-coupling and
deprotection reactions (Figure 3.3). 19, 20 The FTIR spectra of GO displayed a broad
absorption at 3236 cm-1 and a sharper absorption at 1648 cm-1. These peaks are assigned
to the O-H stretch and C=O stretch absorption respectively. The t-butyl NTA-GO
powders also displayed C-H stretch absorptions at 2933 cm-1 that we attribute to the
lysine and t-butyl moieties. After mediated TFA,are present, indicating the attachment of
the t-butyl NTA molecule to the graphene oxide. After mediated deprotection with TFA,
the removing t-butyl group by TFA, the 2933 cm-1 peak disappeared, suggesting that tbutyl group was successfully removed to activate the NTA chealator.21
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Figure 3.3 Fourier transform infrared spectra (FTIR) of (A) NTA-graphene
oxide; (B) t-butyl NTA-graphene oxide and (C) graphene oxide.

3.4.2 UV-vis measurements
Previous work with GO has shown that GO sheets are photochemically dactive at ~
240 nm due to the π-bonding and π-antibonding orbital electron transfers. It has also been
reported that well-dispersed GO sheets in solution exhibit a shift toward ~270 nm
because the C-O bonds introduced by oxidation have n-π* electronic transitions.22, 23 In
agreement with these previous results, our modified graphene-oxide-NTA samples
exhibited a major absorption peak at ~280 nm (Figure 3.4 B).
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Figure 3.4 General method for measuring concentration of GO, GO-NTA, and
PABA-GO-NTA (A) extinction coefficient calculation for GO-NTA (B)
Wavelength scan of different concentrations of GO-NTA

3.4.3 Surface Compression of GO-NTA
Most reports of Langmuir dispersions of GO at the air-water interface focus on
surfactant-assisted dispersion methods to stabilize GO sheets dispersed in water.24 The
treatment of GO with surfactants in these cases overwhelm the native surface activity of
GO dispersed in water. The structure and functional group distribution on GO suggests
that it should be amphiphilic due to the distribution of hydrophilic carboxyl, ketone,
aldehyde and alcohol groups on the periphery of the GO sheet, while the aryl core is
more hydrophobic (Figure 3.5 A).25 Since the proportion of hydrophobic to hydrophilic
domains increases while moving towards the center of the GO sheets, larger sheets have
greater surface activity whereas smaller GO sheets are dispersed into the sub-phase as the
sheets become more heavily dominated by the presence of increased hydrophilic
functional groups on the sheet edges.26 Previously, it was thought that the use of surface
actie stabilizing agents was needed to disperse GO, however, more recent work has

95
shown that GO layers form at the air-water interface in the absence of surfactant
molecules.27 Brewster angle microscopy (BAM) studies have shown that the interfacial
refractive index of GO solutions change after a few hours of stirring pure GO dispersions
in water.28 This suggests a time-dependent mechanism for GO absorption to the air-water
interfaces, with the slower interfacial adsorption rates attributable to slower diffusion
rates of large graphene sheets relative to typical surfactant molecules used for studies of
the air-water interfaces. To increase the amount of surface active graphene sheets present
at the air-water interface while circumventing hours of stirring, studies using rising gas
bubbles of CO2 and N2, as a way of transporting these sheets to the surface have proven
successful.26, 29 These studies show that GO can migrate to the air-water interface and
other work suggest that the surface activity of GO sheets in water can be increased using
volatile, polar protic solvents to enable their manipulation using Langmuir compression.27
Compression of the GO material at the interface gave a characteristic surface pressurearea isotherm (Figure 3.5 B) suggesting a progression from isolated GO sheets to close
edge-to-edge packing of GO sheets, followed by folding, wrinkling, and sliding of
graphene oxide shets atop one another upon further compression30 whereas Langmuir
films of phospholipids would typically collapse.27 Repulsive electrostatic and attractive
Van der Waals are the two competing forces between GO sheets where the energy will be
a sum of these parts. Previous work with GO Langmuir films has suggested that overcompression of GO causes irreversible coagulation above ~15 mN/m 27 due to the
increasing dominance of attractive van der Waals interactions once the reulsive
electrostatic interactions between sheet edges has been overcome. Transfer of these films
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onto silicon substrates at multiple surface pressures enabled the transfer of single layer
GO sheets at surface pressures above 15 mN/m.

Figure 3.5 Structure and surface pressure isotherms for GO-NTA (A)
structure of GO-NTA (B) with corresponding surface pressure isotherm .
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3.4.4 Determining the Best Method of TEM Grid Modification with GO-NTA
Fluorescence microcopy, EM, and AFM measurements were used to assess GO
uniformity and relative thickness of the GO-NTA depositions using different transfer
methods. luorescence, EM, and AFM techniques to assess GO uniformity and relative
thicknesses between different methods of transfer. Exploitation of the amine chemistry
between acid chlorides and epoxides allowed us to use fluoresceinamine to covalently
attach to GO-NTA.
AFM and Raman spectroscopy have been used to determine the thickness of GO
sheets.31 Optical measurements have also been used to characterize graphene monolayers
and multilayers since the opacity of the material is directly related to its thickness. 32-34
We used F-PABA-GO-NTA as a reporter for both relative GO layer thickness estimation
and for determining the compression and L-S efficiency transfer of the two-dimensional
F-PABA-GO-NTA and PABA-GO-NTA films. Unmodified 400 mesh Cu TEM grids
were initially used as the substrate for analysis. L-S transfer of compressed F-PABAGO-NTA films from the Langmuir interface prior to epifluorescence imaging with
fluorescence emission from the TEM grid observed that was significantly greater than the
background, as the data in Figure 3.6 B and Figure 3.6 C show.
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Figure 3.6 Fluorescence analysis of Fluorescein-GO-NTA by nanodrop and
fluorescence microscopy (A) Fluorescence nanodrop of pellet an supernatant
after reaction with GO with amino fluoresceine (B) Fluorescenceimage of FPABA-GO-NA after LS-transfer onto 400 mesh TEM grid (C) Line scan of
(B)

The transfer efficiency of various deposition methods of F-PABA-GO-NTA onto
TEM grids was then evaluated by fluorescence microscopy. Drop casting was initially
tried for transferring GO layers onto Cu-400 TEM grids.34, 35 Fluorescence was observed
over the grid holes in the case of the drop-cast samples in contrast to the L-S prepared
samples where there F-PABA-GO-NTA fluorescence over the grid holes was absent
(Figure 3.7 A and Figure 3.7 B). We infer from these findings that the GO sheets are too
small to span the 37x37 μm square on the 400 mesh grid as a monolayer, however the
drop –cast method enables excess sheets to settle on top of one another during slow
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evaporation of the solvent to form a multilayered film. While the average size of GO
sheets may be ~16 μm, but this is also depending on the duration of oxidation during the
GO synthesis and the sonication time.36 We then tested L-S transfer of GO Langmuir
films onto 1500 mesh grids with hole sizes of 11.5x11.5 μm squares to enable holespanning by a GO sheet. L-S transfer of F-PABA-GO-NTA monolayers onto unmodified
1500 mesh Cu grids produced grid holes that were either lacking fluorescence or had only
partial fluorescence coverage suggesting that F-PABA-GO-NTA coverage of the holes
was incomplete (Figure 3.7 C). L-S transfer onto Formvar coated 1500 mesh grids,
followed by CHCl3 mediated removal of the formvar produced an even more
heterogeneous film wehre a higher percentage of holes were either partially covered or
completely depleted of F-PABA-GO-NTA (Figure 3.7 D). Based on these findings, we
speculated that the high surface tensiton of water might be contributing to GO film
deformities and grid heterogeneity. We addressed this concern by reducing the surface
tension at the air-water interface prior to L-S transfer. As the data in Figure 3.7 E shows,
grids bearing F-PABA-GO-NTA films deposited by L-S transfer from air-IPA/water
interfaces showe less heterogeneous converage than those transferred from pure air-water
interfaces. In fact, there was very little evidence of missing or non-uniform F-PABA-GONTA films over the holes of the grids. In addition to the board, even distribution of FPABA-GO-NTA over the 1500 mesh grids resulting from LS transfer from air-IPA/water
interfaces, it also appeared that these films are noticiabely thinner than those transferred
from pure air-water interfaces either with or without formvar coating (Figure 3.7 F).
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Figure 3.7 Fluorescence microscopy analysis of graphene using different
methods of graphene oxide deposition onto copper TEM grids. (A)
Fluorescence image after drop cast method onto 400 mesh grids (B)
Flurescence image after LS transfer from water interface onto 400 mesh grids
(C) Fluorescence image after LS-transfer from water interface onto 1500 mesh
grids (D) Fluorescence image after LS-transfer from water interface onto
formvar coated 1500 mesh grids after subsequent formvar removal (E)
Fluorescence image after LS-transfer from IPA interface onto 1500 mesh grids;
(F) Pixel intensity line scans of LS transfer from water and IPA interfaces onto
1500 mesh grids
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3.4.5 SEM and AFM to Determine Transfer Homogeneity of GO-NTA
SEM and AFM analysis were also performed to evaluate GO-NTA sheet dimensions
and film thicknesses. L-S transfer onto GO-NTA sheets from the air-IPA/water interface
onto a ~1.5 cm2 silicon wafers was performed for SEM imaging. GO-NTA deposition
from pure air-water interfaces produced a heterogeneous GO-NTA deposition of varying
layer thickness as observed in the fluorescence experiments (Figure 3.8A). AFM analysis
of these samples also revealed heterogeneity in deposition with excessive sheet overlap as
seen in the fluorescence and SEM experiments (Figure 3.8B). GO-NTA sheets were then
deposited onto silicon wafers using the L-S transfer from air-IPA/water interfaces and
imaged by SEM and AFM. SEM image analysis reveals a homogeneous deposition of
GO-NTA sheets with no evidence of multilayering (Figure 3.8C). AFM analysis of these
films revealed that this method results in a thinner, more homogeneous layering of GONTA sheets. Thickness measurements indicate GO-NTA depositions that were
approximately 1.3 nm thick, consistent with previously rported values for single layer GO
(Figure 3.8D).15 These SEM and AFM data are consistent with our fluorescence data of
GO-NTA deposition by L-S transfer from air-water/IPA (Figure 3.7 E) onto 1500 mesh
grids. Furthermore, the performance of 1500 mesh grids bearing these films was
compared with 400 mesh grids prepared by the drop-cast method. We found no
significant difference in the capture efficiency nor sample quality in these grid types (data
not shown), however, the L-S GO-NTA films would be preferred for high resolution
TEM analysis due to the larger available areas of monolayer GO-NTA coverage.
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Figure 3.8 Appearance of graphene oxide using SEM and AFM after LS-transfer
from a water and isopropyl alcohol interfaces (A) SEM (B) and AFM images
afer LS-transfer of GO onto silicon wafer from water interface. (C) SEM (D)
and AFM images after LS-transfer of GO onto silicon wafer from IPA interface
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3.4.6 Diffraction
Selected area electron diffraction analysis of non-carbon coated 2000 mesh TEM grids
bearing GO-NTA films that were deposited by L-S transfer from the air-IPA/water
interface revealed a hexagonal diffraction pattern indicative of graphitic crystallinity
(Figure 3A). The measured intensity of the inner and outer peaks (circled 1, 2, 3 and 4)
and the line scan through these points indicated that the inner peaks are more intense than
the outer peaks, which confirms the presence of a single layer of GO (Figure 3C), which
is indistinguishable from diffraction peaks of graphene (Figure 3C).35
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Figure 3.9 Electron diffraction of graphene oxide after LS-transfer
from water and isopropyl interfaces (A) Image of GO after LStransfer from water interface; (B) Diffraction pattern of GO after LStransfer from water interface (C) Intensity measurements of
diffraction spots from GO deposited after LS-transfer from water
interface.
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3.5 Performance of Modified TEM Grid

3.5.1 Performance of GO-NTA, PABA-GO-NTA, and BSA-PABA-GO-NTA
with Purified His-tag T7 Bacteriophage
The capacity of these GO-NTA coated grids to capture His-6-T7 phage via affinity
interactions was examined by negative-stain TEM. After a 2 min exposure of purified
His-T7 phage (1010 particles/mL) with GO-NTA modified 1500 mesh grids, a very high
dnsity of %7 phage was observed on the Ni2+ free GO-NTA surface (Figure 3.10A).
Paradoxically, reduction in His6-T7 phage capture was observed after charging the GONTA grids with Ni2+ (Figure 4B). We attribute these findings to non-specific coupling of
lysine residues37-39 with the epoxide (and aldehyde) residues on the GO sheets that are
inactivated upon exposure to Ni2+.40 To obviate this problem, we chemically deactivated
these functional groups by treatment of GO-NTA with PABA. L-S deposition of the
resulting PABA-GO-NTA sample onto 1500 mesh Cu grids from air-IPA/water, followed
by a 2 min incubation with purified His6T7 phage (1010 particles/mL) decreased the
propensity to bind to PBA-GO-NTA re;atove tp the mpm=treated GO-NTA grids (Figure
3.10C). Ni2+ activation of these grids produced the expected PABA-GO-NTA higher
density of His6-T7 particles on the grid due to engagement of the His6-Ni2+-NTA affinity
interaction (Figure 3.10D). To further enhance the anti-fouling properties of this material,
we incubated BSA with the PABA-GO-NTA modified 1500 mesh grids before the 2 min
purified His-T7 phage exposure. Under these conditions, it appears that BSA blocks the
non-specific adsorption of T7 particles (Figure 3.10E). There is a trend of decreased Ni2+free particle binding as the GO-NTA material becomes increasingly deactivated to
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PABA-GO-NTA and BSA-blocked PABA-GO-NTA forms (Figures 3.10A, 3.10C, and
3.10E, respectively). It is worth noting that we are able to achieve complete inhibition of
His-T7 phage binding to this material by blocking GO-NTA directy wth BSA (Figure
3.10E), suggesting that BSA inhibits the binding of His-T7 particles more effectively
than PABA modification. After Ni2+ activation of the BSA-blocked PABA-GO-NTA
surfaces, we observed a recovery in His-T7 phage binding to the grids (Figure 3.10F). To
further demonstrate the Ni2+ dependence of this interaction, we incubated the surface of
the grid with 500 mM imidazole, leading to the elution of these particles from the grid as
confirmed by the absence of T7 phage from purified His6-T7 partticles (unpublished data)
and complex lysates presented later (Figure 3.11C). Taken together, these findings
demonstrate the importance deactivating highly reactive chemical functionalities on the
surface of GO prior to use in specific capture experiments.
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Figure 3.10 Performance of GO-NTA, PABA-GO-NTA, and BSA-PABAGO-NTA with purified His-tag T7 bacteriophage. (A) Purified T7 on
graphene oxide NTA; (B) Same as (A) except sample is deposited onto Ni2+
activated surface; (C) Purified T7 PABA-GO-NTA (D) Same as (C) except
sample as deposited onto Ni2+ activated surface; (E) Purified T7 on PABAGO-NTA and blocked with BSA; (F) Same as (E) except sample was
deposited onto Ni2+ activated surface
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3.5.2 Performance of BSA-GO-NTA with His-tag GroEL Lysate
The specific capture capability of BSA-GO-NTA was also demonstrated by the
material depositing onto bare copper non-amorphous carbon coated 1500 mesh grids via
Langmuir-Schaefer transfer and exposing them to GroEL lysates (Figure 3.11). We
demonstrate the Ni2+-NTA capture affinity then verify the Ni2+ dependence of the His-tag
target interaction by omitting Ni2+ and adding 500 mM imidazole to Ni2+ charged GONTA surfaces. The addition of GroEL lysate to Ni2+ charged BSA-GO-NTA revealed the
isolation of His-GroEL from these complex mixtures onto 1500 mesh grids (Figure
3.11A). Both termini of the GroL gene are located in the interior of the GroEL cavity,
however, there have been reports suggesting that the presence of a spacer between a Cterminal His-tag and main protein chain permits binding of the intact GroEL to Ni2+
beads for purification.41 Although our GroEL construct has a 7 spacer amino acid chain
between the N-terminal His-tag and main protein chain, our PyMol analysis suggests that
the distance between the N-terminal and C-terminal is just 9.6 angstroms. Considering
the close proximity of both termini, our results show that it is possible that an amino acid
spacer separating the N-terminal His-tag from the main polypeptide chain allows affinity
purification of intact GroEL onto BSA-GO-NTA as demonstrated in this result. The Ni2+
dependence of the GroEL interaction with BSA-GO-NTA is confirmed after omitting the
Ni2+ charging step before exposure of these grids to GroEL lysate (Figure 3.11B). Also,
even after incubation of Ni2+ charged grids with GroEL lysate, we were able to block the
Ni2+-NTA/His-GroEL interaction after the addition of 500 mM imidazole, demonstrating
the reversibility of this interaction (Figure 3.11C). Next, we obtained cryoEM images of
GroEL deposited onto BSA-GO-NTA (figure 3.11D). We tried various blotting

109
procedures for GroEL lysate deposited onto BSA-GO-NTA modified 1500 mesh grids
using vitrobot to no avail. Therefore, we switched our efforts to preparing BSA-GO-NTA
modified 400 mesh lacy, holey carbon substrates and obtained good quality samples
suitable for cryoEM. Although the projections of the GroEL in micrographs seemed to be
top/bottom view dominated, we found both top/bottom and side view particles on the
modified substrate. Also, even though have not performed structural analysis such has
3D reconstructions of these captured particle using high resolution CryoEM, our interest
are currently with the synthesis and performance of these materials, and our results show
that high resolution CryoEM data can be collected on particles immobilized by BSA-GONTA substrates.
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Figure 3.11 Performance of BSA-PABA-GO-NTA with
His-tag GroEL lysate.(A) GroEL lysate on BzA-GO-NTA
and blocked with BSA (B) Same as (A) except sample was
deposited onto Ni2+ activated surface (C) Same as (B)
except grids were washed with 500 mM imidazole. (D)
CryoEM of His6-GroEL lysate on BSA-PABA-GO-NTA.
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3.5.3 Performance of BSA-GO-NTA with His-tag RplL Lysate
We test the capture chemistry of BSA-GO-NTA with an additional lysate using
overexpressed RplL from the 50S ribosomal subunit using GO-NTA modified bare
copper non-amorphous carbon coated 1500 mesh grids (figure 3.12). The Ni2+-NTA
affinity is confirmed by Ni2+ charging BSA-GO-NTA before exposure to RplL lysates.
We then used two controls by omitting Ni2+ and adding 500 mM imidazole after Ni2+
addition to validate this capture chemistry. In the case of Ni2+ charged grids we were able
to immobilize ribosomal particles onto the grid surface that are consistent with the size
(~20 nm) and morphology of the 50S subunit of ribosome (figure 3.12 A).42 We then
tested the Ni2+ dependence of this His-tag bound species by omitting Ni2+ and adding 500
mM imidazole, in separate experiments, and observing the surface details. In the case of
Ni2+ omission we observed an overall absence of ribosome particle from the BSA-GONTA surface (figure 3.12 B). We also added 500 mM imidazole to BSA-GO-NTA after
the charging the surface with Ni2+ and exposure to His-RplL lysate and failed to identify
ribosomal particles on the grid (figure 3.12 C). Here we demonstrate the Ni2+ dependence
and prove that after initial binding of the His-RplL to the surface of Ni2+ charged grids
we are able to elute these particles by adding 500 mM imidazole.
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Figure 3.12 Performance of BSA-GO-NTA with His-tag RplL lysate. (A) RplL
lysate on BSA-GO-NTA and blocked with BSA (B) Same as (A) except sample
was deposited onto Ni2+ activated surface (C) Same as (B) except grids were
washed with 500 mM imidazole.
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3.5.4 Performance of BSA-GO-NTA with His-tag T7 lysate
Next, we sought to capture His6-T7 phage directly from a complex mixture of
biomacromolecuels within a cell lysate sample. The mutant version of T7 bacteriophage
carrying a His6—tag on the capsid protein (His6-gp10) is non-detrimental to the infection
and replication of this bacteriophage. Infection of BL21 cells with the lytic T7
bacteriophage results in a suspension of cellular contents, many of which could bind nonspecifically to the surface of BSA-GO-NTA. Figure 3.13A shows that Ni2+-free BSAGO-NTA modified 1500 mesh grids resulted in little or no capture of T7-bacteriphage
and minimal background adsorption from non-targeted cellular material. Addition of Ni2+
to the grid prompted His6-T7 adsorption onto the surface (Figure 3.13B). When the lysate
sample was added to the Ni2+ charged grids after exposure to 500 mM imidazole, there
were no His6-T7 phage particles apparent on the BSA-GO-NTA modified grids (Figure
3.13C). Taken together, these results indicate that BSA-GO-NTA coated grids are able to
isolate T7-phage from lysate while limiting non-specific adsorption. The reversibility of
this interaction and the lack of T7-phage bound GO-NTA substrates lacking Ni2+ also
demonstrates the nickel dependency of this interaction.
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Figure 3.13 Performance of BSA-PABA-GO-NTA with His-tag T7
bacteriophage lysate (A) T7 lysate on BzA-GO-NTA and blocked with BSA
(B) Same as (A) except sample as deposited onto Ni2+ activated surface; (C)
Same as (B) except grids were washed with 500 mM imidazole.
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3.6 Additional Data using 2D Graphene Based Materials and Future Scope and
Improvements to be Made

3.6.1 Capture of His-T7 Phage with Antibody Modified Graphene Oxide
We explored the possibility of modifying GO surfaces with antibodies to exploit
antibody-antigen immobilization. We could potentially use this type of chemistry to
capture targets from low yielding over-expressions or other targets that are inherently low
in concentration which may not be suitable for lower affinity Ni2+-His-tag interactions. In
order to modify GO with antibody, we exploited the epoxides present in the GO basal
plane, and as we’ve previously shown with T7-phage, these surfaces have a high
propensity to non-specifically adsorb biological samples when before modification with
PABA or BSA to block this interaction that is likely to occur through epoxide ring
opening through surface exposed lysine residues (figure 3.13 A).We initially reacted
Protein A to the surface of GO modified grids by drop casting a solution of Protein A
directly onto the surface of 1500 mesh grids. The excess solution was washed with buffer
followed by the addition of a drop solution of Anti-His to create an antibody modified
surface with the antigen binding domains oriented away from the grid surface for reaction
with His-T7 from bulk solution. We then drop cast a solution of T7 lysate directly onto
the surface of the antibody modified grid, and let the solution stand for 5 minutes of
incubation, followed by washing of the excess and staining with uranyl acetate. We
compared these samples GO surface reacted with antifouling BSA after antibody
exposure, and our results indicate a vast difference in the amount of non-specific
adsorption between non-BSA and BSA modified GO surfaces (figure 3.13 A and figure
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3.13). These results confirm that we are able to isolate T7 directly from lysate using an
antibody approach, and the presence of BSA is critical in preventing the fouling of nonspecific analytes which may bind to the surface of the grids. Although there is heavy
mass deposition on non-BSA surfaces with this approach, with some effort, it is possible
to distinguish many of the T7 particles amongst the debris which are much more densely
packed onto the surface relative to BSA modified surfaces. It is possible that this occurs
through either one or both of two routes. The first reason we may observe higher levels of
T7 phage on non-BSA modified surface is due to the high levels of non-specific
adsorption, and the His-T7 phage become immobilized both specifically through
antibody-antigen interaction and non-specifically through epoxide chemical reaction with
surface exposed lysine residues. Secondly, it is possible that the reduction of T7 occurs
due to the ‘masking’ of antibodies after BSA addition which my cap not only areas where
non-specific adsorption may occur (such as epoxide rich regions in the GO plane) but
also antibody regions responsible for His-T7 immobilization. It is likely that an increase
in captured His-T7 will be observed as a function of incubation time. Although we have
not explored longer time points past 5 minutes of incubation of lysate with BSA-GOantiHis surfaces, it would be interesting to explore the possibility of increasing incubation
times to achieve higher levels of surface immobilized T7 phage.
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Figure 3.14 TEM images of His-T7 immobilized by Graphene Oxide modified
with AntiHis antibody. (A) T7 lysate on BzA-GO-NTA with proteinA, then
incubated with Anti-His. (B) T7 lysate on BzA-GO-NTA with proteinA, then
incubated with Anti-His then blocked with BSA

3.6.2 Modification of Lacy Carbon Substrates for the Immobilization of His-tag
Targets
The capture chemistry of BSA-GO-NTA is further demonstrated by 400 mesh nonglow discharged lacy carbon grids with this material and exposing these grids to GroEL,
T7-phage, and RplL lysates (figure 3.15).
We previously show the successful purification of GroEL from a complex lysate
with minimal background adsorption due to non-specific binding. The lacy carbon
substrate consist of areas of holes surrounded by areas of continuous carbon substrate.
Interestingly, in the case of the lacy carbon grids, although the BSA-GO-NTA covering
the holes of the lacy carbon substrate presents a clean surface minimally fouled by non-
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targeted cellular contents, the BSA-GO-NTA over the carbon substrate remains highly
contaminated with cellular debris making the identification of surface adsorbed targeted
GroEL and RplL over these parts of the grid impossible to interpret (figure 3.15 A and 3.15
C). Since T7-phage have distinguishable icosahedral (for mature phage particles) or roundlike (for immature phage particles) morphologies, they are easily identified among the
other materials that bind the grid from the (figure 3.15 E). However, these results were also
consistent with non-Ni2+ charged surfaces (figures 3.15 B, 3.15 D, and 3.15 F), and is
representative of the stark differences between the interaction of these samples with BSAGO-NTA over the holes of these grids in contrast to BSA-GO-NTA directly over the
carbon substrate. Interestingly, when the holey carbon substrate was glow discharged prior
to LS-transfer of GO-NTA, we did not observe a strong background of cellular debris
bound to the surface areas outside of the holes of the holey carbon substrate (figure 3.15
G). Although we have not investigated these causes more directly, we attribute this
observation to more efficient coverage of the GO-NTA directly over both regions of the
carbon substrate (lacy carbon holes and continuous carbon substrate) of glow discharged
grids.
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Figure 3.15 Performance of BSA-GO-NTA modified
lacy carbon substrates
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3.6.3 Solubilization of Graphite and Modification of TEM Grids with Graphene Films
Previously we modified graphene oxide and used it as an affinity platform to
capture His-tag protein, however, un-oxidized graphene has superior electron mobility to
graphene oxide making it a more attractive candidate as a substrate for high resolution
cryoEM. We solubilized graphite flakes using established protocols with NMP solvent.
Just before dispersing the graphene dispersion onto the Langmuir trough, we exchanged
the NMP solvent for ethanol due to the compatibility of this solvent with the Langmuir
trough work area and high evaporation rates of ethanol. We then dispersed these
solutions onto the Langmuir trough and 2000 mesh and 400 mesh grids were modified
using Langmuir-Blodgett transfer. We monitored the stability of this solution in ethanol
and compared it to the quality of Langmuir-Blodgett transfer over time (figure 3.16). The
1st day after solvent exchange in ethanol yielded a homogenous solution of graphene
flakes in solution. After Langmuir-Blodgett transfer of this solution onto 2000 mesh and
400 mesh grids, we observed the transparency in the film where most holes in this grid
were largely covered in graphene (figure 3.16). In three days after solvent exhange in
ethanol obvious precipitation occurred in the graphene dispersion. We correlated this
observation to thicker sheets after Langmuir-Blodgett transfer of this solution onto 2000
mesh grids, as indicated by the higher contrast graphene flakes relative to 1st day transfer
(Figure 3.16). Lastly, on the 5th day after solvent exhange in ethanol we noticed nearly
complete precipitation of the graphene flakes, and after Languir-Blodgett transfer we
noticed thicker sheets as indicated by the complete non-transparency in the transferred
graphene sheets (Figure 3.16). Although we show successful solubilization and transfer
of graphene sheets onto TEM grids using Langmuir transfer techniques, we show that
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transfer of these graphene sheets have to be performed after the 1st day of solubilization
in ethanol. In the future, we wish to substitute amorphous carbon substrates for graphene
substrates for use with affinity lipid monolayers for cryoEM.
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Figure 3.16 LB-transfer of Graphene onto TEM grids
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3.7 Conclusion of 2D Graphene Oxide Films Modified with NTA for Immobilization of
Protein from Lysate
Langmuir dispersions of GO-NTA were prepared using a new method of IPA
addition to lower the surface tension before Langmuir-Schaefer modification of TEM
grid substrates. We highlight our ability to modify TEM grids with single sheet GONTA without pre-existing amorphous carbon substrate, and using these modified grids to
capture protein directly from lysate. We also present in depth considerations to make
before using GO based materials about the tendencies they have to immobilize protein
non-specifically, through epoxide chemistries, and solutions that can be used to overcome
this effect which has not previously been reported in using these materials such as
biosensors and drug delivery platforms. We also present a new method for
characterization of GO sheets, by using fluorescence probes (fluorescein), that may be
used to determine the number of sheets in GO layers. This fluorescence data was in
agreement with the SEM and TEM data we presented as well. This material showed good
specificity for His-tag targets of GroEL, T7-phage, and RplL, in the presence of highly
complex lysates, while limiting the background adsorption of non-targeted cellular
material. Although we have not tested this material with detergent solubilized protein,
these 2D films should not be affected by addition of detergents which would otherwise
denature the thin films of other 2D affinity substrates such as lipid monolayers. Also, this
materials offers a thinner film with increased 2D electron mobility in comparison to
tradition amorphous carbon substrates, which makes this materials a superior substrate
for collecting high resolution data in the future.
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CHAPTER 4: CARBON NANOTUBE BASED AFFINITY CAPTURE OF HIS-TAG
PROTEIN AS A TOOL TO OVERCOME PREFERRED ORIENTATION IN
ELECTRON MICROSCOPY

4.1 Project Overview
We report on the function of carbon nanotubes solubilized with pyrene-NTA and their
protein immobilization properties which could vastly improve sample preparation in
electron microscopy. The function of pyrene provides supramolecular attachment1 of the
pyene-NTA moiety to the outer surface of the carbon nanotube providing a template for
Histidine-tag protein attachment. The surfaces of carbon nanotubes extends 360˚ around
its axis,2 and random Histidine-tag protein attachment around the carbon nanotube axis
will provide all possible projections relative to the optical path of the transmission
electron microscope. We believe that development of such a template for single particle
reconstruction will greatly enhance class-averaging which is especially problematic for
samples with overwhelming preferred orientation when deposited onto TEM grids.3
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4.2 CNTs for Protein Immobilization from Cell Lysates
Single Particle Reconstruction (SPR) in electron microscopy (EM) is a rapidly
evolving structure elucidation tool that has accelerated the number of atomically resolved
structures since the realization of this potential by structural biologist.4 Cryogenic
electron microscopy (cryoEM), in particular, allows researchers to image proteins in bulk
solution4 avoiding the pitfalls of more structurally invasive techniques, such as
crystallography,5 where information gathered on the protein structure comes from nonnative conditions potentially distorting the true native structure of the protein in interest.6
Class averaging in SPR makes 3D reconstruction possible by providing each
representative projection of the biological particle with a large number of identical
projections from the raw data set.7 The sum calculated from the signal of the raw data in
each projection is then used to increase the signal-to-noise ratio resulting in class
averages. Today, this technique has been used as a tool in structural biology approaching
the resolution regularly achieved by X-Ray crystallography.8 Unfortunately, one of the
major pitfalls to SPR is obtaining accurate and complete representative class averages of
the biological specimen. Many proteins have a tendency to adsorb to the carbon substrate
of TEM grids in a preferred manner during sample prep for cryoEM and negative stain
(figure 4.1 B). In order to obtain complete class averaging, the protein must be positioned
randomly relative to the electron beam so that each projection is represented for class
averaging (figure 4.1 A).9 Currently researchers have used a number to techniques to
help overcome the preferred orientation of particles onto these surfaces such as changing
the properties of the surface,10 using various types of carbon substrates,11 and imaging
over holes in the carbon substrate where the protein is embedded in a thin layer if
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vitreous ice.12 Unfortunately, no method has been entirely fool-proof to overcoming this
barrier for many samples, and the development of such technology would significantly
improve data collection and interpretation for cryoEM.

Figure 4.1 Sample adsorbed on standard amorphous carbon TEM grid (A)
Random adsorption to 2D amorphous carbon substrate (B) Fixed adsorption
causes preferred orientation of sample on 2D substrates

Carbon nanotubes (CNTs), like graphene sheets, are made up entirely of sp2
hybridized carbon atoms arranged in a hexagonal pattern forming a ring-like network.13
Unlike the large scale molecularly flat 2D structure of graphene, CNTs are rolled into a
cylindrical-type structure that extends one dimensionally where the thickness of the tube
is defined by the number of sheets rolled into the tube. In this regard, CNTs are classified
into two categories where the walls of single walled carbon nanotubes (SWCNTs) are a
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single atom thick, while multi-walled carbon nanotubes (MWCNTs) have a wall
thickness defined by the number of stacked sheets in the CNT wall. Mostly known for
their optical,14 mechanical,15 and electrical properties,16 we present an innovative use for
CNTs in electron microscopy to overcome the preferred orientation of particles onto
TEM grids. We utilize affinity interactions to tether histidine-tagged (His-tag) proteins17
to the carbon nanotube surface. In other work with biological specimens, carbon
nanotubes have been used in EM to immobilize ferritin directly onto TEM grids.18
Although this proved to be a successful method, in their work, immobilization of ferritin
was due to covalent attachment between N-Hydroxysuccinimide (NHS) modified CNT’s
and ferritin particles. Although covalent attachment is more chemically robust than
transient affinity immobilization, the association of particles to surfaces through covalent
bonds may introduce severe sample distortion making structural analysis unreliable. In
addition, they used chemically modified the CNTs generated by oxidation and subsequent
NHS modification which diminishes the mechanical and electronic properties of these
materials. We have synthesized a pyrene derivative capable of solubilizing CNTs in
water and immobilizing Histidine tagged (His-tag) proteins. By modifying 1pyrenebutyricacid with nitrilotriacetic acid (NTA) we are able to selectively capture Histag protein onto CNTs in a Ni2+ dependent manner. Given the tubular nature of the CNTs
the surface along the circumference in which the protein is immobilized relative to the
electron beam of the TEM will determine which projections are observed in the final
image (figure 4.2 B). We believe that this material can be used in EM to increase the
number of represented projections in the final images collected, especially samples with
overwhelming preferred orientation.
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Figure 4.2 Illustration of new type of substrate for TEM (A) Fixed
adsorption to 2D amorphous carbon substrate (B) Random adsorption
along carbon nanotube axis
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4.3 Experimental

4.3.1 Synthesis of Pyrene-NTA
The synthesis of this material has already been reported.19 We stirred 450 mg of
pyrene butyric acid succinimidyl ester (1.5 mmol) with 450 mg of N, N,bis(carboxymethyl)- L-lysine hydrate (1.9 mmol) in 100 mL of dry DMF for 3 days at 60
˚C. The reaction was cooled to room temperature and precipitated with adding 1M HCl
dropwise to the flask. The solution as poured over paper filter collecting a yellow
precipitate, washed with water, and dryed in a vacuum oven overnight.

4.3.2 Solubilization of CNTs with Pyrene-NTA
A stock solution of pyene-NTA was made (2mg/mL) in HEPES buffer (50 mM
HEPES, 100 mM NaCl, pH = 8.0) and stored at -80 ͦ C. Also, a stock suspension of CNTs
(1 mg/mL) was made by dispersion in double deionized water (DDI). Next, 50 μL of
CNT was mixed with 1.45 mL of pyrene-NTA and bath sonicated for 2 hours. The CNT
remained mostly as sediment, however, the solution became brownish/yellow over time
indicating increasing solubilization of CNTs by pyrene-NTA. After sonication, the
solution was centrifuged at 13,000 rpm for 10 minutes, and the supernatant was used in
further experiments

4.3.3 His-tag GFP Purification
E. coli cells transformed with His8-GFPuv pT7-7 plasmid gifted to us from Professor
Dinesh Yernool, at Purdue University, was pre-cultured in 20 mL of LB media and
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shaken at 37 C overnight. The pre-culture was then added directly to 500 mL of LB
media pre-warmed to 37 C. The cells were then shaken at 37 C until reaching an OD600
of 0.7 where upon 500 μL of 1.0 M isopropyl-β-D-thiogalactopyranoside (IPTG) was
added. The cells were then shaken for an additional 4 hours at 37 C followed by
centrifugation at 10,000 g for 10 minutes, discarding of the supernatant, and stored at -80
C until needed. Then, the cell pellet was re-suspended in 30 mL of lysis buffer (50 mM
HEPES, 100 mM NaCl, pH = 8.0, 300 µg aprotinin, 522 µg phenylmethanesulfonyl
fluoride (PMSF), and 1.5 mg of lysozyme) and allowed to stand for 20 minutes. Probe
sonication was used to rupture the cell membranes using 3 rounds of sonication (35
pulses, 1 second/pulse at 75 W) and pelleted by 10,000g centrifugation for 10 minutes.
The supernatant was isolated and incubated with 100 μL of Ni2+-NTA agarose beads, and
slowly rotated at 4 C overnight. The beads were pelleted by centrifugation at 5000g, the
supernatant, discarded and the beades resuspended in wash buffer (50 mM HEPES, 100
mM NaCl, 30 mM imidazole, pH = 8.0), and the suspension slowly rotated at 4 C for 1
hour. The agarose beads were then centrifuged, washed, and rotated slowly in wash
buffer at 4 C for 1 hour 2 additional times. The protein was eluted after centrifugation at
5000g, discarding the supernatant, and incubation with 2.0 mL of elution buffer (50 mM
HEPES, 100 mM NaCl, 500 mM imidazole, pH = 8.0) for 5 hours. After centrifugation at
5000g, the supernatant was dialyzed against buffer (50 mM HEPES, 100 mM NaCl, pH
= 8.0) for 2 days and the purification was confirmed by observing the GFP band by
12.5% acrylamide SDS-PAGE electrophoresis.
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4.3.4 His10-tag T7 Purification
His-T7 Purification: We followed the protocol, according to the T7Select manual
(Merck Chemicals), in order to purify T7 phage. We grew BL21 pre-cultures overnight,
and added this to 1L of LB Broth until the cells reached O.D.600 of 0.8 at 37 °C while
shaking at 250 rpm. His-T7 phage was kindly provided by the Jiang Lab (where MOI =
0.001) to infect the cells. 25g of NaCl was added to the infected cells after 90 minutes,
then centrifuged at 8,000 rpm for 10 minutes. PEG8000 was added to the clarified lysate,
at 10% w/v, until the solution precipitated. The suspension was then centrifuged at 8,000
rpm for 10 minutes and decanted to preserve the pellet. The pellet was resuspended with
10 mM Tris buffer (10% PEG8000, 1 mM EDTA, pH = 8.0) and centrifuged at 18,000
rpm for 10 minutes. The pellet was collected and resuspended in 10 mM Tris buffer (1.0
M NaCl, pH = 8.0) and centrifuged at 14,000 rpm for 10 minutes. A density gradient was
used to separate the phage bands using a CsCl gradient at 36,000 rpm for 1 hour. The
phage band was collected using a needle syringe, and then dialyzed against PBS buffer
HEPES buffer.

4.3.5 SDS PAGE Gel Electrophoresis of Pyrene-NTA solubilized CNTs and GFP
Pyrene-NTA solubilized CNTs (20 μL) were mixed with 1.2 μL of 76 mM Ni2+ (also
76 mM Fe3+, Cu2+, or Co2+ used) in double deionized water for 5 minutes. Afterwards, 10
μL of purified His8-GFPuv (3 mg/mL) was incubated with pyrene-NTA:Mn+ for 20
minutes with occasional light vortexing. The solution was centrifuged at 13,000g for 5
minutes and the supernatant removed. The pellet was washed by resuspension in 200 μL
of wash buffer (50 mM HEPES, 100 mM NaCl, pH = 8.0), or HEPES buffer with
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imidazole for the negative control (50 mM HEPES, 100 mM NaCl, 500 mM imidazole,
pH = 8.0), and centrifuged. After removing the supernatant, the pellet was resuspended in
10 μL of wash buffer and prepared for SDS-PAGE gel electrophoresis.

4.3.6 Fluorescence Nanodrop Characterization of His-tag Protein Capture
Fluorescence nanodrop experiments were performed using a Thermo Scientific
NanoDrop 3300. Sample preparation was identical to that used for SDS-PAGE analysis
of GFP bound pyrene-NTA solubilized CNTs, except that they were diluted 10-fold prior
to fluorescence nanodrop analysis.

4.3.7 Negative Stain Analysis of His10-tag T7 Immobilization by Pyrene-NTA
Solubilized CNTs
Pyrene-NTA solubilized CNTs ( 20 μL) were mixed with 1.2 μL of aqueous 76 mM
Ni2+. The solution was allowed to stand for 2 minutes with occasional vortex mixing.
Afterwards, 10 μL of purified His10-tag T7 phage (1.0X1013 particles/mL) was incubated
with pyrene-NTA:Mn+ for 30 seconds before casting a 10 μL drop onto a TEM grid. The
drop was allowed to sit on the TEM grid for 1 minute before wicking excess solution
with filter paper. The sample was then washed twice with 10 μL of wash buffer (50 mM
HEPES, 100 mM NaCl, pH = 8.0) and once with double deionized water, wicking excess
solution with filter paper between each wash. Finally, 10 μL of Uranyl Acetate was drop
cast onto the grid for 30 seconds before finally wicking the excess solution with filter
paper.
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4.4 Characterization of CNT-NTA Materials

4.4.1 PyreneNTA Solubilization of Carbon Nanotube
Although CNTs are made up entirely of sp2 hybridized carbon atoms and have an
overall hydrophobic character, they are not easily solubilized in organic solvents.
Usually, solubilization of CNTs is achieved by water soluble compounds that interact
strongly with the CNT surface such as specialized organic polymers, nucleic acid chains,
and molecules with significant C sp2 hybridization that can participate in π-π bonding.
We find that after agitation of CNTs by bath sonication in the presence of pyrene-NTA,
the transparency of the suspension changes from clear to light brown, indicating
solubilization of the CNTs. In order to confirm that CNT solubilization was pyrene-NTA
assisted, we attempted to solubilize CNTs without the addition of pyrene-NTA. We found
that solubilization of CNTs did not occur in the absence of pyrene-NTA, suggesting that
CNT solubilization is dependent on pyrene-NTA (figure 4.3). We observed that
solubilized CNTs remained dispersed in solution without sedimentation for up to two
weeks. The CNT suspension consisted of two separate phases after bath sonication a
transparent brown solution containing the solubilized CNTs and an insoluble, nontransparent sediment at the bottom of the centrifuge tube (figure 4.3). Since the
solubilization of CNTs is assisted by pyrene-NTA, it is likely that there is also pyreneNTA associated with the insoluble phase that has failed to solubilize these aggregated
CNTs. This CNT sediment remains insoluble possibly due to being too large to be
solubilized by pyrene-NTA or by becoming irreversibly inter-tangled with neighboring
CNTs.
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Figure 4.3 Image of solubilized –vs- unsolubilized carbon nanotubes after
probe sonication

4.4.2 Visual Inspection of His-GFP:Carbon nanotube Pellets After Sedimentation

Our initial His-tag target was His6-GFPuv in which we used for capture with pyreneNTA solubilized CNTs. Due to the aromaticity of pyrene-NTA in CNT dispersions, there
is a strong absorbance around 280 nm,20 therefore, we decided that the use of fluorescence
nanodrop and SDS PAGE gel would be suitable to confirm the presence of GFP capture
by pyrene-NTA solubilized CNTs. After the introduction of His-GFP to CNT dispersions,
a precipitate formed causing the solid mass to sediment increasingly over time.
Precipitation occurred immediately after adding His-GFP, however, we allowed the protein
to bind to the CNTs for 20 minutes ensuring we have enough protein for SDS and
fluorescence nanodrop analysis. Benchtop centrifugation allowed us to collect the protein
bound to CNTs, resulting in a pellet formed at the bottom of the Eppendorf tube. We
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observed that the color of the pellet was not black as the color of pure CNT, but pale green
(figure 4.5). In the absence of metal ions, we observed very little sedimentation, which is
indicative of reduced CNT:protein interaction and formation of larger complexes of CNT
with multiple copies of His-tag protein. Also, after redispersion of the Ni2+ containing
pellets with 500 mM imidazole, we were able to elute the protein from the CNT material
as observed by a reduction in pellet size after centrifugation. These pellets were later used
for SDS gel analysis.

Figure 4.5 Sedimentation of His-GFP:Carbon Nanotube Complexes

4.4.3 SDS Analysis of His-GFP:Carbon nanotube Pellets After Sedimentation
After resuspending and loading of the pellet into a polyacrylamide gel lane for SDS
gel analysis, we observed bands for the molecular weight of GFP. The relative amounts
of protein from Ni2+, Fe3+, Cu2+, and Co2+ were 200:49:12:57, respectively. The relative
amounts for both of the negative controls, Ni2+ omission and the addition of 500 mM
imidazole washes, were 2:4 relative to the Ni2+ containing samples (figure 4.6). There is
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some non-specific adsorption of His-GFP to CNTs as observed by the GFP band in the
negative control where the addition of metal was omitted. After centrifugation of this
sample, very little protein pellet was observed, in contrast to metal containing samples.
This is probably due to the increased sedimentation of heavier metal loaded CNTs that
bind His-GFP more specifically and efficiently. In comparing the two negative controls,
when we eluted the protein from Ni2+ bound CNT-NTA with 500 mM imidazole, this
resulted in twice as much protein bound to CNTs than the alternate negative control.
We did not observe the expected effect of NTA:Mn+ affinity as higher affinity
interactions did not necessarily yield a higher greater amounts of His-GFP bound CNTs.
The reported binding constants for NTA: Mn+ interactions (log10) are 10.38, 11.54, 12.96,
and 15.87 for Co2+, Ni2+, Cu2+, and Fe3+, respectively. However, the two lower affinity
metal ions (Ni2+ and Co2+) yielded the highest amount of protein recovered from the
pellet, where the amount of protein in Ni2+ containing samples was 4 times as much as
Fe3+(lowest and highest NTA:Mn+complex binding constants, respectively). In the case
of Fe3+, there were multiple lower molecular weight bands present which is indicative of
some degree of oxidation of occurring breaking native GFP into smaller fragments.
Although higher affinity NTA:Mn+ interactions are ideal for samples that are low in
abundance, especially for cryoEM, these results indicate that closer attention must be
given to the metal compatibility with the sample, and it is probably best to use metals that
were used during the protein purification process.

+
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Figure 4.6 SDS Analysis of His-GFP:Carbon Nanotube Complexes

4.4.4 Fluorescent Nanodrop Analysis of His-GFP:Carbon Nanotube Pellets After
Sedimentation
We further confirmed the capture of His-GFP using fluorescence nanodrop to measure
fluorescence emission of GFP from protein:CNT:Ni2+ pellets. Two control experiments
where Ni2+ was omitted and 500 mM imidazole added to elute His-GFP from CNT:Ni2+
complexes were also included. After redispersion and addition of the pellet solution to the
fluorescent nanodrop instrument, we observed a major peak for GFP emission at 509 nm
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(figure 4.7). The results here are consistent with the previous two experiments
(observation of sedimentation and SDS gel analysis) which show lower levels of bound
GFP when Ni2+ is not added to the sample or is eluted with 500 mM imidazole.

Figure 4.7 Fluorescence Nanodrop analysis of His-GFP:Carbon Nanotube
Complexes
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4.5 Performance of Pyrene-NTA Modified Carbon Nanotubes

4.5.1 Coverage of CNT over Holey Carbon Substrates
To demonstrate the usefulness of this material for EM, we used His-T7 phage to probe
for immobilization of material onto CNTs and to assess sample quality after deposition
onto TEM grids. As with His-GFP, we observed slight precipitation of the material after
addition of His-T7 phage. Multiple deposition methods were attempted, wherein the time
of His-T7 incubation, modification of TEM grids directly with pyrene-NTA dispersed
CNTs while applying the phage particle directly to the TEM grid surface, and metal type
for NTA binding were varied. The prospect of a substrate with a 3D interface, as opposed
to the traditional 2D surface of TEM grids, could potentially transform the way data for
SPR is collected. In order to generate such a 3D interface, our first attempt was to use
holey carbon grids to span the holes of the grids with CNTs. Using drop cast solutions of
Pyrene-NTA:CNT:Ni2+ bound T7-phage assemblies, we successfully spanned the holes
of the TEM grids with CNTs (figure 4.8). Although we show convincing evidence that
His-T7 phage loaded CNTs can stretch the length of the holes, in reality, this result was
not easily replicated. We believe that a more robust deposition method, such as chemical
vapor deposition (CVD), would offer superior coverage of CNT’s over the holes on the
TEM grid onto which to immobilize His-tag protein.
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Figure 4.8 CNT with His-T7 over the hole of a lacy carbon grid

4.5.2 Probing Different Methods for Sample Deposition
We probed different methods in which to modify TEM grids with CNT material
and probed sample quality and their ability to immobilize His-T7 phage. Although
previous data showed that the holes of holey carbon TEM grids, were not easily covered
with CNTs, we decided to proceed with our use of these grid types since our future goal
is to find samples that are suitable for cryoEM, and eventually develop a protocol that
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allows us to span these holes with CNTs. The initial efforts in modifying TEM grids with
this material consisted of our sedimentation experiments with His-GFP:CNT-NTA-Ni2+
The same procedure was used except that for His-T7 phage was used prior to TEM
imaging.
After initial incubation of His-T7 phage with Ni2+ charged CNT-NTA, we noticed that
sedimentation occurred at a higher rate compared to His-GFP in the SDS experiments,
therefore, we let this solution stand for only 2 minutes before centrifugation to collect the
pellet. After resuspension of the pellet, we drop cast the solution onto a TEM grid for
imaging. Our results indicate the presence of large areas of high mass, insoluble material
with no obvious signs of T7 phage (figure 4.9 C). We attribute this result to extensive
aggregation of the phage-CNT complexes after sedimentation. These findings suggest
that drop-casting of the redispersed form of phage-CNT complexes is unsuitable for
collecting high quality TEM images.
We then probed the possibility of modifying TEM grid with CNT-NTA-Ni2+ before
introducing the His-tag target (figure 4.9 B). We drop cast a solution of CNT-NTA-Ni2+
directly onto lacy carbon substrate, and let the solution stand for 10 minutes before paper
wicking the excess. His-T7 was then introduced by directly incubating purified phage
particles with the newly modified grid. Our results show that inefficient binding between
His-T7 particles and the CNT template, with most of the phage particles were found
bound to the carbon substrate rather than the CNT-NTA-Ni2+ rods.
Afterwards, we incubated all components together (CNT-NTA-Ni2+ with His-T7
phage), then drop cast this solution directly onto the lacy carbon substrate and imaged by
TEM (figure 4.9 A). As with our previously stated observation of faster rates of
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sedimentation of these materials with His-T7, we let this solution stand for 2 minutes
before adding it to the surface of the TEM grid. When scanning the surface of the TEM
grid, by visual inspection, most T7-phage particles that we encountered were associated
with CNT rods. We believe this result to be based on the co-sedimentation of these
complexes, as we first postulated with the SDS-PAGE experiments involving the loading
of His-GFP:CNT sediments into the gel. Given that very little His-T7 phage is found
unassociated with CNT-NTA-Ni2+, most His-T7 phage has either been immobilized by
this material or the remaining free T7-phage fails to find surface of the grid due to lower
sedimentation rates compared to larger phage-CNT complexes.
We sought to load higher amounts of CNT-bound phage particles onto the TEM grid
by allowing longer incubation of the phage particles with CNT-NTA-Ni2+ (figure 4.9 D).
We increased our incubation time from 2 minutes to 20 minutes before drop-casting this
solution onto the surface of the lacy carbon substrate. Our results indicate that this
protocol yields low-quality images due to the large amounts of materials that sediments
onto the surface of the grid, yielding large non-transparent areas. These findings suggest
that variables such as incubation time, sample quality, sample type, and concentration
must all be considered before using CNT-NTA-Ni2+ templates for affinity capture of Histag protin targets.
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Figure 4.9 Methods of Deposition of His-T7 phage:Carbon nanotube
complexes on TEM grids by (A) Simple incubation of His-T7:Carboon
2+
nanotube:Ni and doposition directly onto grid. (B) Modifying TEM grids
2+
with Carboon nanotube:Ni then drop casting His-T7 phage solution onto
TEM grid. (C) Centrifuging, resuspending the pellet, and drop casting His2+
T7:Carboon nanotube:Ni directly onto grid. (D) Same as (A) except
2
increasing incubation time of His-T7:Carboon nanotube:Ni
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4.5.3 Ni2+-Dependency of His-T7 Phage Adsorption to Carbon Nanotubes
After developing our methods for sample deposition, we aimed to test the dependency
of His-T7 interaction with the CNT-NTA nanotubes on Ni2+ concentration (figure 4.10).
As previously shown, the His-T7 phage particles demonstrated an overwhelming
preference to adsorb directly onto the CNT-NTA:Ni2+ substrate (figure 4.10 A). Also, we
show that binding between His-T7 and CNT occurs at multiple regions on the T7,
between different particles. Binding also occurs near the tail region of T7 as well as in
other regions of the capsid. We also show that the phage particle binds spatially both in a
top/bottom and side locale onto the CNT with regard to the lacy carbon support (figure
4.10 C).
The most obvious feature in the Ni2+ depleted samples is the reduction of CNTs
adsorbed on the lacy carbon support. This is likely due to decreased sedimentation rate
towards the lacy carbon substrate of the TEM grid. Also, the His-T7 particles
encountered were found largely unbound to CNT material, even when they were within
the vicinity of CNTs (figure 4.10 B). We also provide a higher magnification image to
make this point (figure 4.10 D). From this, we determine that the adsorption of His-T7 to
CNT-NTA is Ni2+ mediated.
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Figure 4.10 Simple Dropcast Method for the deposition of His-T7
phage:carbon nanotube complexes on TEM grids by (A) His-T7:Carbon
2+
nanotube with addition of Ni , (B) His-T7:Carbon nanotube without addition
2+
of Ni (C) Magnified area in boxed out region of panel (A), (D) Magnified
area in boxed out region of panel (B)
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4.5.4 Probing Effects of Different Metals with His-T7 Immobilization
We then used 4 different metals to explore the ability of His-T7 phage to bind CNTs.
Our results show that in two cases, Ni2+ and Co2+, the sample quality was satisfactory for
collecting clean images (figure 4.11 A and 4.11 B) and identifying T7 phage particles
whereas the addition of Fe3+ and Cu2+ resulted in a much poorer surface quality with
indistinguishable stain features (figure 4.11 C and 4.11 D). In the case of Fe3+, although
the appearance of T7 particles was not obvious, the background of the grid was relatively
free of debris in comparison to the other metals used. It is possible that this background
debris is from cellular materials left over from the purification process of the His-T7
particle that exhibits some affinity for the NTA: Mn+ complex. If the features in this
background have affinity for NTA: Mn+ complexes, it is consistent with the fact that
NTA:Fe3+ CNTs has the highest affinity of the 4 metals used (i.e. Fe3+:NTA stability of
1015.87 compared to 1011.54, 1010.38 and 1012.96 for Ni2+, Co2+, and Co2+ respectively).
11.54, 10.38, and 12.96 respectively). Also, considering the two metals exhibiting the
highest stability constants as NTA:metal complexes, it is interesting that Cu2+ produced
strikingly similar images to Fe3+. In the presence of Ni2+ and Co2+ His-T7 phage capture
along the axis of the CNTs was observed. This also resulted in a slightly higher amount
of background debris relative to Cu2+ and Fe3+, which coincides with a decrease in
stability constants. In the case where the metal was omitted, we observed the maximum
amount of background debris and a dramatic decrease in His-T7 phage bound to CNTs.
Interesting, the quality of these results from the various metals used correlates with the
SDS gel data such that the lowest amount of protein observed in the gel corresponds with
low quality TEM images in the cases of Cu2+ and Fe3+. From these findings it is clear that
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although more stable NTA: Mn+ complexes might be ideal for low abundance samples
preperations for cryoEM, the low quality SDS-PAGE and TEM images obtained in the
case of Cu2+ and Fe3+ illustrate that metal compatibility with the sample must also be
taken into account. Although we have not deposited pure T7 phage with these metals
onto lacy carbon substrates our results clearly indicate that Ni2+ and Co2+ are the
preferred metal ions for retaining good sample quality in the presence of CNT-NTA.

Figure 4.11 Simple Dropcast Method for the deposition of His-T7
phage:carbon nanotube complexes on TEM grids using various metals
2+
(A) His-T7:Carboon nanotube with addition of Ni (B) His2+
T7:Carboon nanotube with addition of Co (C) His-T7:Carboon
2+
nanotube with addition of Cu (D) His-T7:Carboon nanotube with
3+
addition of Fe
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4.5.5 Quantitative Analysis of Bound Versus Unbound His-T7 Phage
We performed quantitative analysis of His-T7 phage bound to CNT-NTA using two
NTA: Mn+ complexes (NTA:Ni2+ and NTA:Co2+) and two sample deposition methods
(simple drop cast vs. on-grid reaction). Our purpose in these experiments was to compare
the ratio of bound vs.unbound His-T7:CNT complexes between each sample type. This
method involves indiscriminately counting the first 200 particles encountered on the grid
and a ‘pass’ or ‘fail’ test for each particle as being CNT associated. Consistent with our
previous simple drop cast method data for Ni2+ and Co2+ ligated samples, most T7 phage
particles passed as CNT associated, with 98% and 78% of the population appearing as
CNT bound for Ni2+ and Co2+ respectively (figure 4.12 A and 4.12 B).
We performed the same quantitative analysis for Ni2+ charged and uncharged samples
deposited through an on-grid reaction. In this case, we found that 32% and 12% of the T7
phages particles encountered passed the CNT-associated test for Ni2+ charged and Ni2+
uncharged samples, respectively (figure 4.12 C and 4.12 D). The reduction in CNT
association in the latter two cases is not surprising considering that the His-T7 is
introduced to CNT-NTA modified grids, and instead of depending on bulk phase
reaction, the His-T7 must diffuse and ‘find’ the CNT-NTA on the lacy carbon substrate.
Also, considering that CNT-NTA represents only a small fraction of the available surface
area relative to the lacy carbon substrate, the probability that the His-T7 diffuses to the
CNT-NTA surface is much lower than those encountering the lacy carbon background.
Consistently, most particles in the on-grid reaction were found adsorbed to the lacy
carbon substrate instead of the CNT template. In the case of Ni2+ uncharged samples, the
reduction is even more apparent due to the lack of affinity interactions between CNT-
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NTA and His-T7 in the absence of Ni2+. In fact, the 12 percent found bound to the CNTs
in this case is probably due to some level of non-specific adsorption, as we have already
shown in previous TEM and SDS gel analysis for Ni2+ uncharged samples. In the case of
the on-grid reaction, very few CNTs were observed due to failed co-sedimentation of
these complexes. As suggested in the previous section, sedimentation is dependent on the
loading of His-T7 phage. In this case, since the phage particles are introduced after the
grid has been modified with CNTs, there was insufficient opportunity for the phage
particles to react on the grid surface. These results further highlight that on-grid reactions
are inefficient in capturing His-T7 phage. However, if we manage to successfully modify
TEM grids with CNTs that overwhelmingly span the holes of the lacy carbon substrate,
we can ignore this reduced binding effect, and the reduction in binding in this case may
be beneficial for some samples to prevent poor sample quality generated by
overcrowding of the sample on the CNT axis.
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Figure 4.12 Quantitative Analysis of Bound-vs-Unbound His-T7 Phage
2+
(A) Percent His-T7 Phage bound to CNT:Pyrene-NTA:Ni for the first
200 His-T7 phage particles encountered using a simple drop cast sample
deposition method. (B) Percent His-T7 Phage bound to CNT:Pyrene2+
NTA:Co for the first 200 His-T7 phage particles encountered using
simple drop cast sample deposition method . (C) Percent His-T7 Phage
2+
bound to CNT:Pyrene-NTA:Ni for first 200 His-T7 phage particles
encountered using the on grid reaction method. (D) Percent His-T7 Phage
bound to bare CNT:Pyrene-NTA for first 200 His-T7 phage particles
encountered using the simple drop cast sample deposition method .
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4.6 Additional Data and Improvements to be Made

4.6.1 High Magnification Analysis of His-T7:CNT:Ni2+ Complexes
Higher magnification images of T7:CNT bundles were collected to gain insight on
the type of interactions at play that contribute to the formation of the large, insoluble
aggregates found on the TEM grids. When omitting Ni2+ from the sample, it was found
that much longer incubation times were required to adsorb CNTs onto the grid. This is in
strong contrast to Ni2+ containing samples where incubation time had to be restricted due
to sedimentation of heavier complexes. Since each capsid protein carries an N-terminal
His10-tag, the entire surface of the His-T7 phage is decorated with His-tags. We believe the
presence of multiple His-tags contributes to the many bundles of His-T7 phage intertwined
with multiple CNTs in their vicinity (figure 4.13). This was especially evident in Ni2+ and
Co2+ samples that were treated with prolonged His-T7 phage incubation. Also, in
comparing the precipitation rates between CNT-NTA-Ni2+ with His-GFP versus His-T7,
the His-T7 containing samples precipitated at a faster rate than the His-GFP samples. We
believe this is because a single His-GFP protein carries only one His6-tag copy while the
entire virus particle surface is decorated with His10-tags that produce stronger and
multivalent interactions with the CNTs and its nearest neighbors. Special attention will be
required when handling samples with multiple His-tags per particle since the presence of
multiple His-tags may promote CNT aggregation, it may benecessary to decrease the CNT
loading to prevent particle aggregation. However, most areas of the grid show no signs of
this type of aggregation.
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Figure 4.13 High Magnification Analysis of Samples Prepared by
the Simple Dropcast Method for the Deposition of His-T7
phage:Carbon nanotube complexes on TEM grids in the presence
2+
of Ni
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4.6.2 Capture of His-ClpB with CNTs
We purified N-terminal His6-ClpB from the ASKA library. Cells containing the
ClpB gene overexpression vector were grown to OD = 0.6 in 500 mL of LB broth using a
37 °C shaker/incubator and induced with a final concentration of 1.0 mM IPTG before
allowing for an additional 4 h of growth. After centrifugation, the supernatant was
discarded before resuspending the cell pellet in lysis buffer (20 mM Tris, 10 mM MgCl2,
100 mM KCl, pH=7.4, 100 µg aprotinin, 174 µg PMSF, 500 µg lysozyme) and
incubating for 20 min. The cell were lysed by disruption of the membrane using probe
sonication (35 pulses, 1 sec/pulse at 75W). The suspension was centrifuged at 11,000 g
for 10 min and the supernatant collected for purification using His-bind agarose beads.
After purification, the sample was added to TEM grids to observe the ClpB protein.
Structures consistent with the size and dimension of ClpB were observed (figure 4.14 A).
Following the same methods as the T7-phage protocol, lacy carbon substrates were
treated with ClpB-bound CNTs (figure 4.14 B). Some binding of ClpB-like proteins to
CNT structures, although we cannot confirm rather or not these are truly ClpB particles
since they highly resemble background artifacts found in other TEM images using His-T7
phage. We have not followed up on these studies further, however, in order to confirm
the presence of ClpB onto the CNTs. A high contrast agent (i.e. gold nanoparticles) may
be necessary to validate these findings. Immunogold conjugates using a ClpB-specific
antibody prior to casting onto the TEM grid along with His-ClpB:CNTs would be
preferred. This will allow us to confirm the presence of ClpB through the visualization of
gold in the TEM images where we will look for sign of gold along the axis of the CNTs.
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Figure 4.14 Simple Dropcast Method for the Deposition of
His-ClpB:Carbon nanotube complexes on TEM grids by (A)
2
amd (B) His-T7:Carboon nanotube with addition of Ni
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4.6.3 Capture of His-RplL with CNTs
RplL was purified with an identical protocol as ClpB purification above, except
that we used N-terminal His6-RplL from the ASKA library with the RplL gene
overexpression vector. At high concentrations of RplL, we observed an overwhelmingly
high mass of, nontransparent deposition areas of deposition on the lacy carbon substrate
(figure 4.15 A). This issue was alleviated by diluting the sample 10-fold to enable the
collection of ribosome projection images bound to the CNT substrate (figure 4.15B). It is
worth noting that this result has not been reliably replicated. We have not performed
statistical analysis of these ribosomal particles bound to the CNT substrate, however, a
large population of the ribosomes on the grid remain unassociated with the CNTs. Like
His-GFP, the ribosomal particles carry only a single His-tag per ribosome particle, unlike
the of His-T7 phage case. Thus, a different protocol may have to be developed for sample
types containing a single His-tag, wherein parameters such as incubation time, CNTNTA-Ni2+ concentration, RplL concentration, pH, and temperature are optimized for the
given target.
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Figure 4.15 Simple Dropcast Method for the Deposition of
His-RplL:Carbon nanotube complexes on TEM grids using
(A) 0.7 mg/mL His-T7:Carbon nanotube with the addition
2+
of Ni , (B) 0.07 mg/mL His-T7:Carboon nanotube with the
2+
addition of Ni .
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4.7 Conclusion of Carbon Nanotubes Modified with NTA for Immobilization Histag Protein
A newly synthesized solubilization agent for CNTs has been used to prepare
samples for electron microscopy. This material offers uniquie electronic properties,
suitable for high resolution TEM. It is the first report of a non-invasive 3D substrate for
TEM to overcome the preferred orientation challenge in croyEM. Although we have not
extended the scope of our study past T7 bacteriophage, we show that this material can be
used to immobilize His-tag tagets and bind them in a random spatial orientation along the
axis of CNT substrates. Before moving to other sample types, there is much work to be
done to work out suitable conditions for protein capture. In the future, after developing a
protocol for this type of TEM grid modification, it may be suitable enough to prepare
these grids though traditional cryoEM preparations by introducing binding specifity that
will increase the particle density on the grid.
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CHAPTER 5: FAP INTERNALIZATION STUDIES USING VARIOUS MODIFIED
NANOPARTICLES

5.1 Project Overview
There is a need to strengthen understanding behind the mechanisms of delivery employed
by non-viral vectors. We will use a combination of fluorescence and electron microscopy to
study these mechanisms using non-viral vectors by targeting the fibronectic attachment
protein (FAP) entry pathway. A combination of hard and soft materials are fabricated to
target this pathway. We have functionalized 3 hard materials (gold nanoparticles, quantum
dots, and silica nanoparticles), and 2 types of soft materials (liposomes and pendant
polymers) for FAP targeting. Our goal is to use correlative microscopy (combinative light
and electron microscopy) to reveal high resolution interactions between these materials and
the cellular environment. Our approach to revealing these interactions will give new
information about non-viral delivery systems, at the molecular level that would aid the
rational researcher use for nanoparticle design.
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5.2 Introduction

5.2.1 Introducing Bladder Cancer
Bladder cancer treatments have remained relatively unchanged over the past 40 years.
Although bladder cancer has seemingly gotten less press than other forms of cancer, it is the
fifth most common cancer in people, behind only lung, prostate, breast, and colon
cancers.REF This to no surprise considering that the function of the bladder is to act as a
reservoir for urine that contains many toxins that the body disposes. The fate of toxins that
we take in, through our eating habits and lifestyle, will ultimately end up exposed to the
lining of the bladder, and bladder cancer has been linked to habits such as smoking, where
people are 5 times as likely to develop bladder cancer (almost on par with lung cancer).REF
Bladder cancer tumor types can be put in to 3 broad categories (1) superficial tumors that are
located on the inner lining of the bladder, (2) muscular invasive where the tumor has
penetrated the lining of the bladder and impedes on the underlying muscular tissue, and (3)
the metastatic type where the tumors have left the bladder invades other parts of the body.REF
When the cancer is superficial, tumors can be removed with relative ease by scrapping the
wall of the bladder. However, since the entire surface of the bladder is nearly equally
exposed to toxins that help lead to bladder cancer, these tumors are almost never localized
which can make surgical methods problematic and is likely to contribute to the 45% high
recurrence rate observed among patients after surgical treatment.1 The most popular method
of treatment is through intravesical administration of Mycobacterium bovic Bacillus
Calmette-Guerin (BCG). This bacteria shows resistance to the high clearance rate of the
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bladder environment by strong attachment to the lining of the bladder. This interaction
between BCG and the lining of the bladder was shown to be mediated by fibronectin
attachment protein (FAP), which is expressed by the bacteria and forms a strong interaction
with urinary fibronectin.2 Although infection of bladder cancer patients with this bacterium
the targeting of this bacterium to tumor sites is non-selective and may lead to systemic
infections.3 Furthermore, the use of multiple infectious instillations of BCG to treat bladder
cancer causes low patient tolerance which contributes significantly to the state of this disease.

5.2.2 FAP Targeting and Rationale
An understanding of the mechanisms behind FAP attachment and entry may be key in
developing highly efficient targeting vehicles for bladder cancer treatment. In order to
simulate the BCG method of infecting bladder cells, recombinant His6-FAP was used to
promote the entry of NTA containing nanoparticles in T-24 and MB-49 bladder cancer cell
lines.4 It was shown that antibodies and NTA containing liposomes could be used for entry
through FAP interactions. Furthermore, this study showed that entry through FAP processes
is accelerated through the caveolar pathway as a direct result of FAP induced
microaggregation of β1-integrin receptors. Entry using nanoparticles are mainly dependent
upon two key features (1) crosslinking of integrin receptors and (2) nanoparticles that are
below the caveolar compartment size limit of 70 nm in diameter (figure 5.1). The
multivalency of surface NTA moieties on nanoparticles are responsible for integrin receptor
microaggregation. Satisfying these criterion, we will promote entry of various nanoparticles
through the FAP internalization pathway using T-24 and MB-49 cell lines. We wish to study
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the mechanism of action of these nanoparticles through FAP mediated entry and monitor
how these nanoparticles interact with the environment, cell membranes where they localize,
and reveal their ultimate fate. Futhermore, we wish to capture high resolution detail of
nanoparticle entry and disassembly, and ultimately elucidate the mechanisms that have long
been unknown to govern these actions.

Particle < 70 nm diameter

(A)

(B)

(C)

Figure 5.1: Schematic of FAP Internalization Pathway FAP targeted nanoparticles
below 70 nm in diamter (B) diffuse to the cell membrane (C) causing integrin
receptor clustering
.
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5.2.3 Correlative Microscopy Process
Light microscopy has long been used as a mode of visual inspection of matter that cannot
be seen by eye. Biochemical and mechanical processes in the cell are protein driven, and to
gain molecular insight into these machines, super-high resolution nanoscale imaging must be
used capture specific events. The use of light microscopy in biology has helped researchers
to determine how cellular processes work and where proteins localize within the cell. High
resolution imaging techniques, such as the electron microscope, can reveal structures that
cannot be seen with the resolving power of traditional light microscopes. Currently, it is not
entirely known exactly what biochemical, architectural, and mechanical effects may arise
from sample preparation in electron microscopy, in which samples may only be imaged using
either chemically or cryo fixed dead cells. In order to accurately determine native biological
processes, super-high resolution snapshots must be taken under native conditions. The only
non-destructive imaging tool available is the light microscope, whereas the electron
microscope is the sole instrument that is capable of collecting super-high resolution data on
the nanoscale. Correlative light and electron microscopy (CLEM) provides a bridge between
these two techniques where light microscopy is used to highlight areas of biochemical
significance from which to collect higher resolution electron microscopy data. In essence, it
is taking advantage of the strength of identification in one technique, and using the strength
of visualization in the latter.
The first step in the correlative process is to prepare a sample from cell culture to be used
in the correlative process (figure 5.2 A1). A choice can be made between chemical and
physical fixation. Although chemical fixation is rapid and relatively easy, it may still
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introduce structural artifacts which can be problematic for high resolution detail. Physical
fixation entails cryo-fixing the cells using a high pressure freezer (figure 5.2 B1). Unlike
purified samples of protein, in order to cryo preserve cells under liquid nitrogen, a
combination of high pressure and low temperature must be used to fix native cellular
structures. Under the influence of high pressure, water is forced into densely packed
molecular arrangements, favoring the liquid ordering over less dense solid, crystalline
packing. The freezing rate of water decreases with increasing sample depth moving towards
the interior of the cell.REF Unlike many other materials, water is less dense in its solid
crystalline form.REF Slower freezing rates increases the likely-hood of ice crystal formation,
which excludes solutes concentrating them in the sample and expands destroying the
membrane integrity amongst other biological structures in the cell. In purified samples, ice
crystal formation isn’t usually an issue as these samples are generally only a few nanometers
thick where rapid freezing negates the effect of sample depth on ice crystal formation,
whereas samples frozen under this condition would routinely produce ice crystals in the
interior of the cell.REF Cryo preservation of cells is the most widely used fixation method.
After preservation of cellular structures light microscopy is used for two main purposes
which is to (1) highlight areas of interest within the cell and (2) establish spatial coordinates
to specific cells, previously identified in the light microscopy, and use these coordinates to
identify the exact cells of interest in the electron microscope. The method used to establish
the former point utilized cellular markers, such as fluorescence probes, that are specific for
highlighting certain molecules or cellular events in the cell. REF For the latter, patterned
substrates can be used to spatially tag regions of interest that cells are grown on such that
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these regions are found in the electron microscope as a guide to finding only those cells
previously observed in the light microsope. An example of this is to grow cells on sapphire
disc that have been coated with a specific carbon pattern with numbered coordinates (figure
5.2 B2). These coordinates remain visible through latter steps in the correlative process.
Next, freeze substitution is used to replace water in the cell with organic polymer forming
a hard plastic. These steps allow chemical fixation and preservation of the cells in their native
states using an advanced freeze substitute system (figure 5.2 B3). Usually, the cells are added
to an acetone/osmium tetroxide solution where the temperature is -192 ̊C. Over a span of
some time (defined by the freeze substitution protocol) a slow, step-wise increase in
temperature from -192 ̊C to -30 ̊C completely dehydrates the cells by infiltration with acetone
and osmium tetroxide while simultaneously fixing the cells and their native architectures.
Later, this acetone/fixative solution is replaced by infiltration with increasing gradients of
polymer to completion. The polymer is then polymerized, preserving cellular structures and
spatial distribution of biomolecules.
Ultra-thin sections of cells of cells are then cut using a microtome (figure 5.2 C1). The
original carbon numerical pattern is typically observed in the resin. In addition, if
fluorescence is preserved throughout freeze substitution, the sections can be mounted onto
alphabetic TEM grids to spatially mark cells of interest for further TEM studies (figure 5.2
C2). The coordinates of cells identified in light microscopy are saved, and this information is
used to hone in on these areas specific areas of the cells of interest where TEM is used to
reveal the nanostructures at resolutions not obtainable by light microscopy (figure 5.2 C3).
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Figure 5.2: Schematic for Correlative Microscopy (A1) Cell culture specimen grown
on modified sapphire to be (B1) High pressure frozen. (B2) coordinates of cells
saved using carbon pattern of modified sapphire then (B3) cells chemically
fixed/stained at low temperatures using freeze-substitution. (C1) Resin embedded
cells cut into sections and (C2) preservation of fluorescence checked where TEM
grid alphabet coordinates are used to save exact locations of certain cells to be
analyzed by TEM. (C3) Coordinates of “B2” and/or “C2” used to direct the user to
specific cells in TEM where high resolution data is collected.
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5.3 Experimental

5.3.1 Quantum Dot Fabrication
We have modified Q-DOT655 with NTA groups to enhance FAP internalization. Q-Dots
[Carboxyl Quantum Dot - CdSe-Core/CdS-Inner Shell/ZnS & ZnCdS-Outer Shell (450nm
emission)] were reacted with 1-Ethyl-3-(3 dimethyl aminopropyl) carbodiimide (EDC) then
finally functionalized with NTA groups. EDC was dissolved in water at a total concentration
of 64.5 mM (10 mg/mL). The water solubilized Quantum Dots were provided at 8.0 uM
concentration, and was mixed with 5.0 μL of EDC for 15 minutes at RT while stirring gently.
After 15 minutes of incubation with EDC, 2.5 μL of NTA (100 mM in double deionized
H2O) was added to the QDOT solution and left to stir at RT for 2 hours. After 2 hours, the
reaction was left to stir at 4̊ C for an additional 2 hours (figure 5.3). After the reaction, the
product was treated with 5 μL of 5 mM Ni2+ in double deionized H2O, and separated through
a sephadex G-50 column any excess Ni2+ and unreacted lysine NTA.
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QD655

QD655

Figure 5.3: Representation of modified 10nm Quantum
Dot-655 for FAP targeting using NTA:His-tag interaction

5.3.2 Gold Nanoparticle Fabrication
Gold nanoparticles were coupled to thiotic acid-PEG350-OMe (TA-PEG-OMe), thiotic
acid-PEG1000-Alexa647 (TA-PEG-A647), and thiotic acid-PEG2000-NTA (TA-PEG-NTA)
(figure 5.4). In order to modify the gold nanoparticles, TA-PEG-OMe, TA-PEG-A647, and
TA-PEG-NTA and gold nanoparticles were treated with 10.0 mM NaOH according to
protocol. REF Unlike unmodified gold nanoparticles, our gold nanoparticles remained stable in
pure double deionized water (due to pegylation). REF Lastly, we incubated 20 μL of Ni2+
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(dissolved in double dionized water) with modified gold nanoparticles before dialyzed
against HEPES buffer (5000 MWCO) to remove excess starting reagents and Ni2+.

Figure 5.4 : Representation of modified 30nm gold nanoparticles for FAP
targeting using NTA:His-tag interaction (A) TA-PEG350-OMe (B) TA-PEG2000NTA (C) TA-PEG1000-Alexa647 (D) Cartoon representation of modified gold
nanoparticle

5.3.3 Silica Nanoparticle Fabrication
We have synthesized siNPs of various sizes, however, here we will only present our
methods for obtaining siNPs 70 nm in diameter and below. First, 1.5 mL of 28%-30%
NH4OH (ammonia hydroxide) was stirred with 20 mL of EtOH for 10 minutes. The reaction
was capped with a symptom top and stirred at medium speed. Afterwards, 2.0 mL of
precursor, Tetraethyl orthosilicate (TEOS), in which a white precipitate formed after 20
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minutes of stirring. We let the reaction stir for 2 hours before paper filtration (figure 5.5).
The solid from the filtration was collected and dried in a vacuum oven overnight at 80˚C. To
modify the siNPs with isocynate groups, 50 mg of siNP was suspended in 10 mL of toluene
and submitted to 30 min of sonication to disperse the siNPs in the liquid volume. The
reaction vessel was capped with a symptom top. Next, 250 μL of 3-(triethoxysilyl) propyl
isocynate (TSPI) was added stirred for 1 hour. The reaction was spun down by centrifugation
and washed with dry toluene (3x's) to remove excess TSPI. The sample was dried in the
vacuum oven at 80˚C for 2 hours, then used immediately after for NTA modification. 50 mg
of siNP was suspended in 2.0 mL of PBS buffer (pH adjusted to 8.5). Immediately after, 50
mg of lysine was added to the solution which was allowed to rotate/shake for 20 minutes.
Next, 20 μL of 1mg/mL Cy5-amine (in double deionized water with 0.1% triethyl amine)
was added and the reaction was allowed to rotate overnight at room temperature. The
reaction was then spun down by centrifugation and washed with double deionized water
(3x's), then dried in the vacuum oven overnight at 80˚C.
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Figure 5.5: Representation of modified silica Nanoparticls for FAP targeting
using NTA:His-tag interaction.
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5.3.4 Liposome Fabrication
We used multivalent NTA liposomes to induce FAP internalization in the T-24 cell line.
These liposomes consist of ~ 35:63:1:1 (Cholesterol: 1,2-Dipalmitoyl-sn-glycero-3phosphocholine (DPPC): Lipid-NTA: Lipid-fluorophore). The two lipid fluorophores used
were either Lipid-Dansyl or Lipid-Rhodamine. We also encapsulated Doxorubicin (DOX)
which is a common antitumor drug used in commercial liposome formulations which also
has intrinsic fluorescence properties on its own.REF First, 0.5 mg (40 μmol) of DPPC, 694 μL
(0.25 μmol) of Lipid-PEG-NTA, 249 μL (0.25 μmol) of Lipid-Dansyl, and 7.73 mg (20
μmol) of cholesterol was brought to a total volume of 30 mL with chloroform in a cryogenic
vial. The solvent was removed by rotovapor, and the film dried overnight under vacuum.
Afterwards, the lipid film was hydrated with 1.5 mL of Citrate Buffer and vortexed for 5
minutes total without interruption. Next, the lipid mixture was incubated in a heated water
bath above the transition temperature of DPPC, and vortexed for 30 seconds. These
incubation/shake steps were repeated over 1 hour. The solution was then quickly frozen
under liquid nitrogen, thawed above the transition temperature of DPPC, and finally
vortexed. These freeze/thaw/vortex steps were repeated a total of 5 times. The sample was
probe sonicated for 30 seconds 10x's with 30 seconds rest in between while immerged in
warm water bath at 65˚C. The sample was centrifuged at 10000 rpm for 45 min to remove
titanium particles from the sample. The sample was filtered through a 0.2 µm cellulose
acetate syringe filter, and the material filtered through was incubated with 10 μmol of Ni2+,
before final purification of liposome fractions through G-50 sephadex column (figure 5.6).
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Figure 5.6: Representation of modified liposomes for FAP targeting using
NTA:His-tag interaction

5.3.5 Polymer Nanoparticle Fabrication
A cationic β-cyclodextrin (β-CD) based polymer was previously synthesized in the
Thompson Laboratory.REF These polymers consist of a polyvinyl alcohol backbone linked to
cholesterol through an acid sensitive group (acetal) and polyethylene glycol (PEG). It was
shown that incubation of this polymer with cationic β-CD resulted in a complex capable of
condensing DNA. In this report, a PEG functionalized with NTA was substituted into the
polymer and used as a construct to crosslink FAP. For the condensation of DNA, the polymer
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was incubated with cationic β-CD for 1 hour before the incubation with DNA (figure 5.7).
The DNA was modified with a fluorophore (Cy5) for detection using fluorescence
microscopy. The nanoparticle was allowed to incubate with the DNA for 1 hour before
addition to T-24 bladder cancer cell lines following standard protocol for FAP
internalization.

Figure 5.7: Representation of Pendant Polymers for FAP targeting
using NTA:His-tag interaction
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5.4 Results

5.4.1 Quantum Dot Results
We used His6-GFP to confirm the His-tag binding abilities of the the Q-Dot product by
fluorescence microscopy and analytical ultracentrifugation (AUC). For analysis by
fluorescence microscopy the purified QDOT was incubated with excess His6-GFP
(19,000,000 His6-GFP particles/ Q-DOT655) at 1.0 mg/mL. His6-GFP was allowed to pass
through a spin column (100 kD molecular weight cutoff) by washing with 25 volumes of
HEPES buffer. A fluorescence image of the complexed Q-DOT655/ His6-GFP was recorded
which clearly showed fluorescent overlap between Q-DOT655 and His6-GFP (figure 5.8 A).
Next, fluorescence images of the complex were vrecorded after incubation with 20 mM
imidazole (figure 5.9 B) and 60 mM imidazole (figure 5.9 C). The resulting solution was left
to stand overnight. Fluorescence imaging revealed a decreasing level of fluorescence overlap
between His6-GFP and Q-DOT655 was observed.
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Figure 5.8: Fluorescence imaging of GFP bound Quantum dots (A) Quantum
dots bound to GFP and washed with buffer containing no imidazole and sat
overnight. (B) Quantum dots bound to GFP and washed with buffer containing
20 mM imidazole and sat overnight. (C) Quantum dots bound to GFP and
washed with buffer containing 60 imidazole and sat overnight.

The presence of Q-DOT655/His6-GFP complex was detected by AUC. A sedimentation
velocity experiment of the purified multivalent Q-DOT655 gave sedimentation coefficients of
137S and 218S, however upon incubation with 878 µM His6-GFP, a shift in these
coefficients to 121S and 209S indicated an increase in molecular weight of the Q-DOT655
upon incubation with His6-GFP (figure 5.10).
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Figure 5.9 Quantum dot sedimentation velocity

For the cell culture experiments Q-DOT655 induced FAP internalization was checked
following standard FAP internalization protocol. After incubation with multivalent QDOT655, fluorescence from Q-DOT655 was detected and was determined to be cell associated
(figure 5.11). The results here were compared to a negative control (no FAP) which showed
no cell associated fluorescence from Q-DOT655.
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Figure 5.10 FAP targeted Quantum Dot-655 incubated with T-24 cell lines and FAP
protein using a 4 hour time point. (A) Brightfield, Quantum Dot-655 fluorescence,
and image overlay of negative control with no FAP. (B) Brightfield, Quantum Dot655 fluorescence, and image overlay of FAP containing samples .

5.4.2 Gold Nanoparticle Results
Modified gold nanoparticles were characterized by fluorescence nanodrop, but did not
give an expected emission peak (~665 nm) from Alexa-647 (figure 5.12). This is due to the
strong, broad absorption peak of the bare gold nanoparticle itself, and gold nanoparticles are
known to quench fluorescence from fluorophores that are in too close proximity to the
surface of the gold nanoparticle. Due to the effects of gold nanoparticles on the fluorescent
properties of fluorophores, characterization of these nanoparticles has been impossible.
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Figure 5.11 Probing fluorescence of Alexa647 from modified gold
nanoparticles (A) fluorescence nanodrop analysis of gold nanoparticle solution
(B) Fluorescence image of gold nanoparticle solution sandwiched between
glass slides (C) TEM image of modified gold nanoparticles for FAP imaging

Light emissions from fluorophores are known to be quenched when the dye is in close
proximity to the surface of the gold nanoparticle. Due to this proximity effect, we would
expect to see emission from the dye upon release of Alexa-647 from the gold surface. Thiol
release from gold surfaces upon cellular uptake is a popular release mechanism for gold
nanoparticles due to a decrease in pH after cell internalization. To test this with our gold
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nanoparticles we incubated these materials with T-24 bladder cancer cells following standard
FAP internalization protocol. An Olympus light microscope with filter settings for the
detection of Alexa-647 was used. T-24 cells were shown to have associated gold nanoparticle
by direct fluorescence detection of Alexa-647 (figure 5.13). These results were compared to a
negative control (no FAP) which showed no cell associated fluorescence from Alexa-647.

Figure 5.12 FAP targeted gold nanoparticles incubated with MB-49 cell lines and
FAP protein (4 hour time point).
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5.4.3 Silica Nanoparticle Results
After synthesis of siNP’s, centrifugation of the final material yielded a blue-tinted pellet,
which is indicative of Cy-5 modification (figure). We followed this observation with
fluorescence nanodrop analysis of the Cy5 peak, at λ = 670, by loading a drop of water
dispersed Cy5-SiNP-NTA onto NanoDrop 3300 (result not shown). To confirm that the
SiNPs had not increased in size after modification with Cy5 and NTA groups, we took SEM
images of the Cy5-SiNP-NTA which revealed nanoparticles no larger than 70nm in diameter
(figure 5.14 A). These materials were stored at 4˚C, however, we noticed that over time the
nanoparticles became increasingly amalgamated which affected their performance as FAP
targeting vehicles (figure 5.14 B). In order to ensure that we were using high quality
materials for FAP targeting, we used only nanoparticles that were no more than 2 weeks from
being synthesized.
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Figure 5.13 SEM image of modified silica nanoparticles for
FAP targeting (A) visual appearance of Cy5-siNP-NTA (B)
SEM image of Cy5-siNP-NTA (C) SEM image of Cy5siNP-NTA after 1 month storage

Analysis of the surface charge of these particles were assessed by dispersing Cy5-siNPNTA in PBS buffer, at various pH values, and loading them for Zetasizer Nano data
collection (figure 5.15). Our results revealed that for bare SiNPs, the average surface charge
of these particles were -5mV, -15mV, and -37mV under a the influence of pH values of 2.2,
7.2, and 12.1 respectively (figure 5.15 A). The pH distributed surface charges are likely due
to the presence of hydroxyl (-OH) groups which coat the bare SiNPs.REF Under the influence
of low pH, protonation of –OH groups occurs which shifts the surface charge further into the
positive regime. Conversely, the influence of a high pH environment results in the
deprotonation of these –OH groups which results in a shift of the surface charge further into
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the negative regime, with the influence of neutral pH values falling in between low and high
pH values. The pH induced surface charge trends occurred in Cy5-SiNP-NTA samples
(figure 5.15 B) and Cy5-SiNP-NTA-Ni2+ samples (figure 5.15 C), with both having positive
surface charges at low pH representing protonation of NTA groups in these cases,
accompanied by disassociation of Ni2+ in the latter.

Figure 5.14: Zeta Potential measurements for (A) Bare siNP (B) Cy52+
siNP-NTA and (C) Cy5-siNP-NTA-Ni
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MB-49 cells were then used to target the FAP entry pathway with Cy5-SiNP-NTA-Ni2+
nanoparticles. The results here reveal that, by visual inspection (no quantitation), there seems
to be an increase in relative fluorescence with Cy5-SiNP-NTA-Ni2+ nanoparticles targeted to
MB-49 cells containing FAP (figure 5.16 C) whereas fluorescence decreased in samples
containing no FAP (figure 5.16 B). Likewise, when Cy5-SiNP-NTA-Ni2+ nanoparticles were
treated with 500 mM imidazole, a further decrease in fluorescence was observed which is
lower than the previous two examples (figure 5.16 D). These results were then followed up
with flow cytometry data collection which showed a similar trend.
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Figure 5.15: FAP targeted Cy5-SiNP-NTA incubated with MB-49 cells at 4
hour time point. (A) Brightfield, fluorescence, and image overlay of
negative control with no FAP or Cy5-siNP-NTA (B) no FAP with Cy5SiNP-NTA (C) with FAP and Cy5-SiNP-NTA and (D) with FAP and Cy5SiNP-NTA washed with 500 mM imidazole.
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Figure 5.16: Flow Cytometry data of FAP targeted Cy5-SiNPNTA incubated with MB-49 cells at 4 hour time point.

5.4.4 DOX Loaded Liposome Results
To ensure that these liposomes were within the right size regime, dynamic light scattering
(DLS) of each liposome formulation was performed. Combinations of (1) DPPC:
Cholesterol: lipid-NTA: DOX, (2) DPPC: Cholesterol: Lipid-NTA: Lipid-Rhodamine, and
(3) DPPC: Cholesterol: Lipid-NTA: Lipid-Dansyl yielded liposomes that were mostly 40 nm,
60 nm, and 70 nm in diameter on average respectively, (figure 5.18).
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Figure 5.17: Dynamic Light Scattering of liposomes for FAP
targeting using (A) DOX loaded liposomes (B) DOX loaded
liposomes with Lipid-NTA and Lipid-Rhodamine (C) DOX loaded
liposomes with Lipid-NTA and Lipid-Dansyl

We monitored the uptake of DOX loaded liposomes, by monitoring fluorescence from
DOX, after following standard FAP internalization protocol. (1) DPPC: DOX: Cholesterol:
Lipid-NTA: Lipid-Rhodamine, and (2) DPPC: DOX: Cholesterol: Lipid-NTA: Lipid-Dansyl
liposome formulations showed cell associated fluorescence from DOX, however, most cells
died before they could be imaged - as evidenced in the decrease in the number of cells within
the field of view comparatively (figure 5.19). DOX localizes to the nucleus of the cell, which
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we expect to be dead, but even fluorescence in non-dead cells didn’t have fluorescence from
Dansyl or Rhodamine.

Figure 5.18: FAP targeted Rhodamine-liposome-NTA and Dansyl-Liposome-NTA
incubated with T-24 cells at 4 hour time point. (A) Brightfield, fluorescence, and
image overlay of Rhodamine-Liposome-NTA with FAP and (B) ) Brightfield,
fluorescence, and image overlay of Dansyl-Liposome-NTA with FAP and

To start the correlative process, we checked to see if the carbon print appeared on the
sapphire after carbon coating. After growing T-24 cells onto the disc, DPPC: DOX:
Cholesterol: Lipid-NTA: Lipid-Dansyl liposome induced FAP internalization was performed
following standard FAP internalization protocol. The fluorescence from DOX was
monitored, however, consistent with our own data, the cells rounded up and became detached
from the surface of the sapphire due to the presence of DOX, and no dansyl fluorophore was
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detected as well. These cells did not survive high pressure freezing, and no cells were found
in the 200 nm cell sections retrieved from the microtome after checking by electron
microscopy (data not shown).
Because intracellular DOX causes cell death, we were unable to continue with the
previous protocol for correlative microscopy since there were no surviving cells that could be
imaged on the electron microscope. We check for liposomal compartments in the dead cell
fraction. To do this the dead cell fraction was pelleted and put onto a gold membrane carrier
for high pressure freezing (figure 5.20 A1). One of the major challenges in correlative
microscopy is to maintain fluorescence of samples in the resin after rigorous sample
preparations. We found that DPPC: DOX: Cholesterol: Lipid-NTA: Lipid-Dansy liposomes
from the dead cell fraction showed fluorescence after resin embedment, oddly, there was
minimal fluorescence from the dansyl fluorophore (figure 5.20 A2). After fluorescence from
dansyl and DOX in resin was confirmed, 200 nm cell sections were cut on the microtome and
picked up onto TEM finder grids with alphabetical coordinates. Fluorescence from the cells
in these 200 nm sections was checked, and it was found that there were spots of fluorescence
from DOX in the resin (figure 5.20 A4). We later took higher magnification images of these
cells to check for DOX loaded liposomes using TEM (figure 5.20 C1 and C2), however, none
could be identified.
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Figure 5.19 FAP targeted Dansyl-Liposome-NTA incubated with MB-49
cells at 4 hour time point after embedment in resin (A1) Cells loaded onto
gold planchet, (A2) Brightfield, (A3) Dansyl fluorescence, (A4) DOX
fluorescence, and (A5) image overlay of MB-49 cells in resin exposed to
FAP targeted liposomes loaded with DOX. (B1) Image overlay of DOX
fluorescence and brightfield after resin sectioning then (B2)
corresponding TEM image. (C1) TEM image of MB-49 cells after
exposure to liposomes (C2) with corresponding high magnification image

5.4.5 Pendant Polymer Results
There was no fluorescence detected using this protocol. We determined that there was no
polymer/FAP interaction or polymer/cell interaction, therefore, in order to keep the polymer
in high copy numbers I omitted the aspiration step that removes excess nanoparticles (not
bound to FAP) prior to internalization . Using this modified protocol we were able to detect
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fluorescence from the nanoparticles after 9 hours of internalization using a confocal
microscope (figure 5.21).

Figure 5.20 FAP targeted Pendant Polymer; Rhodamine-PolymerNTA with MB-49 cells at 9 hour time point with added FAP (A)
Brightfield (B) fluorescence from Rhodamine (C) image (D) with
FAP and Cy5-SiNP-NTA and (D) Fluorescence imaging after resin
embedment
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Figure 5.21 High Resolution TEM Images of FAP targeted Pendant Polymer;
Rhodamine-Polymer-NTA with MB-49 cells at 9 hour time point with added
FAP (A) Brightfield (B) fluorescence from Rhodamine (C) image (D) with FAP
and Cy5-SiNP-NTA and (D) Fluorescence imaging after resin embedment
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5.5 Conclusion for Correlative Work
In conclusion, various nanoparticles were fabricated and used to target the FAP entry
pathway pathway using T-24 and MB-49 cell lines. Although some results suggest successful
targeting of this pathway, quantitative analysis suggest that not much difference exist
between the targeting experiments and controls. Furthermore, the major barrier in the
correlative work would be to find conditions to preserve fluorescence signals through the
freeze-substitution and staining processes. Although preservation of fluorescence from DOX
and dansyl fluorophores was observed, there were mixed results in preserving the
fluorescence from FITCI and Rhodamine fluorophores in the case of pendant polymers.
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Abstract
We report the preparation and performance of TEM grids bearing stabilized nonfouling lipid monolayer coatings that contain NTA capture ligands of controllable areal
density at the distal end of a flexible poly(ethylene glycol)2000 (PEG2000) spacer to
avoid preferred orientation of surface-bound histidine-tagged (His-tag) protein targets.
Langmuir-Schaefer deposition at 30 mN/m of mixed monolayers containing two novel
synthetic lipids – 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[(5-amido-1carboxypentyl)iminodiacetic acid]polyethylene glycolamide 2000) (NTA-PEG2000DSPE) and 1,2-(tricosa-10’,12’-diynoyl)-sn-glycero-3-phosphoethanolamine-N(methoxypolyethylene glycolamide 350) (mPEG350-DTPE) – in 1:99 and 5:95 molar
ratios prior to treatment with a 5 min, 254 nm light exposure was used for grid
fabrication. These conditions were designed to limit non-specific protein adsorption onto
the stabilized lipid coating by favoring the formation of a mPEG350 brush layer below a
NTA-PEG2000 at sufficiently low surface densities that a flexible, mushroom
conformation enables capture and random orientation of the protein target on the EM
grid. These grids were then used to capture His6-T7 bacteriophage and RplL from cell
lysates, as well as purified His8-green fluorescent protein (GFP) and nanodisc solubilized
maltose transporter, His6-MalFGK2. Our findings indicate that TEM grid supported,
polymerized NTA lipid monolayers are capable of capturing His-tag protein targets in a
manner that controls their areal densities, while efficiently blocking non-specific
adsorption and limiting film degradation, even upon prolonged detergent exposure.
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Introduction
Cryogenic electron microscopy (cryoEM) single particle reconstruction is a rapidly
advancing method of protein structure elucidation that is now capable of producing
structures with resolutions approaching 3.5 Å, provided that thousands of single particle
images can be collected.1 At present, this is achieved by collecting and class averaging
images from many different carbon-coated grid preparations that randomly adsorb and
present the protein target in multiple orientations for cryoEM imaging. Since many protein
target candidates exist in low copy number, may be highly labile, and/or are derived from
infectious agents that are in low supply, there is significant motivation for the development
of new sample preparation methods to improve the throughput and predictability of this
technique.
Lipid monolayers have been used to concentrate proteins at interfaces for structure
determination, as first described by Uzgiris and Kornberg.2 Subsequent affinity monolayer
developments explored a variety of affinity lipid-ligand interactions such as biotinstreptavidin, ATP lipid-ATP binding protein, Ni2+:nitrilotriacetic acid (NTA)hexahistidine-tagged (His6-tag) protein, or Cu2+:iminodiacetic acid-His6-tag protein.3
Many of these efforts were focused on the development two-dimensional crystallization
methods using nitrilotriacetic acid (NTA)-modified lipid conjugates,4-9 in some cases
showing the potential of NTA lipids for structure elucidation with resolutions in the 10 –
25Å regime.5 NTA lipid monolayers were extended to the realm of cryoEM single particle
reconstruction by Walz and coworkers, with the structures for 50S ribosomal subunits,10
transferrin-transferrin receptor complex,11, 12 and human RNA polymerase II13 reported
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using a commercially available NTA lipid conjugate, 1,2-dioleoyl-sn-glycero-3-[((N-(5amino-1-carboxypentyl)iminodiacetic acid)succinyl] (DGS-NTA), in mixed monolayers
with DLPC. They have also extended this technique to the retrieval of protein targets from
cell lysates;11, 13 however, the potential of the approach is currently limited by the low
stability,10 non-specific fouling,11 and preferred orientation14 limitations of DGSNTA:DLPC monolayers.
We report our attempts to address these challenges by depositing non-fouling PEGlipid15-17 coatings containing common affinity ligands like NTA3,

8, 9, 18, 19

onto TEM

grids.20 These coatings are prepared by compression of lipid films whose NTA surface
density and PEG mushroom-brush conformational state can be controlled by initial film
composition and applied surface pressures prior to deposition onto the EM grid. Brush
conformation methoxypolyethylene glycol (mPEG) coatings are highly non-fouling,21-23
thereby enabling the application of cell lysates directly onto the grid and removal of the
non-specifically bound material in subsequent buffer washing steps. In addition to the
reduced sample quantity demands required for cryoEM analysis in this approach, the
shortened sample processing times also limit the opportunities for proteolytic degradation
and/or protein unfolding of the His6-target that may occur during standard sample
processing protocols. Langmuir-Schaefer deposition of a mixed monolayer containing two
synthetic

polymerizable

lipids

–

1,2-(tricosa-10’,12’-diynoyl)-sn-glycero-3-

phosphoethanolamine-N-(methoxypolyethylene glycolamide 350) (mPEG350-DTPE) and
1,2-(tricosa-10’,12’-diynoyl)-sn-glycero-3-phosphoethanolamine-N-[(5-amido-1carboxypentyl)iminodiacetic acid]polyethylene glycolamide 2000) (NTA-PEG2000-
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DTPE) – prior to treatment with a 5 min, 254 nm light exposure was used to prepare
stabilized affinity monolayers supported on carbon coated EM grids. These grids were then
used to capture His6-T7 bacteriophage and His6-RplL from cell lysates, as well as purified
histidine-tagged green fluorescent protein (His8-GFP) and nanodisc embedded His6MalFGK2 (Figure 1). Our findings indicate that polymerized NTA lipid monolayers are
capable of capturing His6-protein targets in a manner that controls their areal densities,
while efficiently blocking non-specific adsorption and limiting film degradation upon
prolonged detergent exposure.

Experimental Methods
Synthesis of mPEG350-DTPE, NTA-PEG2000-DSPE, and NTA-PEG2000-DTPE:
The detailed synthesis procedures for mPEG350-DTPE, NTA-PEG2000-DSPE, and NTAPEG2000-DTPE (Figure 2) are reported in Supplementary Information.
Cell Lysate Preparations: The ASKA library, a complete E. coli K-12 ORF archive in
which over 4000 bacterial proteins have been cloned into pCA24N expression vectors, was
used. Each protein coding ORF has an N-terminal His6 and a C-terminal green fluorescence
protein (GFP); each protein coding ORF is also available without the GFP fusion (which
are the strains used in these studies). Cells containing the RplL gene overexpression vector
were grown to OD = 0.6 in 100 mL of LB broth using a 37 °C shaker/incubator and induced
with a final concentration of 1.0 mM IPTG before allowing to grow for an additional 4 h.
After centrifugation, the supernatant was discarded before resuspending the cell pellet in
lysis buffer (20 mM Tris, 10 mM MgCl2, 100 mM KCl, pH=7.4, 100 µg aprotinin, 174 µg
PMSF, 500 µg lysozyme) and incubation for 20 min. The cell membranes were disrupted
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by sonication (35 pulses, 1 sec/pulse at 75 W) before centrifugation of the suspension at
11,000 g for 10 min. The supernatant containing His6-RplL was diluted 10-fold before
application to the TEM grid for analysis.
Purified C-terminal His8-tag gp10 (capsid protein) of T7 bacteriophage was typically
produced at a concentrations of ~1 x 1012 particles/mL. BL21 bacteria cells in 1 mL of LB
media were grown to OD = 0.8 before addition of T7 bacteriophage (1.0 µL, 1.0X1012
particles/mL) to the culture and shaking at 37 °C for 1 h. After centrifugation of the cells,
the supernatant was used directly for TEM grid analysis.
His8-GFP Purification: A glycerol stock of E. coli cells, transformed with the His8GFPuv pT7-7 plasmid, was a gift provided by Professor Dinesh Yernool at Purdue
University. A small 5 mL pre-culture was shaken at 37 C overnight before addition to 250
mL of LB media with shaking at 37 C until an OD600 of 0.7 was reached. Then, a 1.0 M
stock solution of isopropyl-β-D-thiogalactopyranoside (IPTG) was added, bringing the
final concentration to 1.0 mM, before shaking continually at 37 C for an additional 5 h.
The cells were then centrifuged at 11,000 g for 10 min, the supernatant discarded, and the
pellet re-suspended in 10 mL of lysis buffer (50 mM NaH2PO4, 100 mM NaCl, pH = 8.0,
100 µg aprotinin, 174 µg phenylmethanesulfonyl fluoride (PMSF), and 500 µg of
lysozyme). The suspension was allowed to stand for 20 min before the cell membranes
were disrupted using 3 rounds of sonication (35 pulses of probe sonication, 1 sec/pulse at
75 W with 1 sec rest/pulse) and the debris pelleted by centrifugation at 11,000 g for 30
min. The supernatant was incubated with 100 µL of Ni-NTA agarose beads and gently
rotated for 4 h. The beads were pelleted using a bench top centrifuge operating at 5,000 g
for 2 min. The supernatant was discarded and the pellet was washed with PBS buffer
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containing imidazole (50 mM NaH2PO4, 100 mM NaCl, 10 mM imidazole, pH = 8.0). The
same spin and wash sequence was repeated with 15 mM, 20 mM, and 30 mM imidazole in
PBS. The protein was eluted from the resin after a final spin, discarding of supernatant,
and incubation with 500 mM imidazole in PBS for 4 h. The protein was characterized using
12.5% acrylamide SDS-PAGE gel electrophoresis.
Purified Maltose Transporter Solubilized in Lipid Nanodisc: The methods used to
purify and insert His6-MalFGK2 maltose transporter in lipid nanodiscs derived from
membrane scaffolding proteins (MSP) followed those described in a previously described
protocol.24
Langmuir-Schaefer Film Deposition Onto TEM Grids: Stock solutions of two lipid
mixtures (1:99 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE

and 5:95 Ni2+:NTA-

PEG2000-DTPE:mPEG350-DTPE) were prepared in CHCl3 at 2.0 mg/mL and stored at 80 °C. Each of these were spread via 10 L microsyringe at the air-water interface of a
KibronTrough and compressed to a final surface pressure of 30 mN/m (i.e., ~59
Å2/molecule for 1:99 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE monolayers and ~66
Å2/molecule for 5:95 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE monolayers). The
compressed lipid monolayers were deposited onto TEM grids by Langmuir-Schaefer
transfer using tabbed TEM grids (Ted Pella) to enable grid approach at 180 (and the
transfer forceps at 90) relative to the air-water interface and the LS film immediately
blotted with filter paper. (n.b.: Standard TEM grids and forceps produced extensive
interference during the LS transfer step, making it impossible to determine accurate grid
transfer ratios under these conditions.) The supported monolayer films were then
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polymerized for 10 min using a handheld 8W/m2 254 nm lamp that was placed 6 – 8 cm
above the grid surface before transfer to a standard TEM grid box for later use.
Fluorescence Microscopy: Sessile drops of His8-GFPuv solution (3.5 µL, 2.0 mg
GFP/mL in PBS) were deposited onto 1:99 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE,
5:95 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE, 100% mPEG350-DTPE, or bare
carbon coated grid surfaces for 2 min, followed by removal of excess sample using a
microsyringe. Grids were then washed 3 times with 20.0 µL drops of Tris buffer before
removal of the excess solution via microsyringe. For elution of Ni2+:NTA-bound T7
bacteriophage from the surface of the grid, 500 mM imidazole was deposited on the grid
surface for 5 min before washing twice with 20.0 µL of PBS. After preparation, the TEM
grid was sandwiched between a microscope slide and coverslip and sealed with nail polish
before recording the fluorescence images.
Negative-staining Procedure: T7 bacteriophage and RplL cell lysate samples were
prepared by incubating a 5.0 µL drop of cell lysate on the grid surface for 2.0 min before
gentle removal by microsyringe. The grids were then washed 6 times with 20 µL drops of
Tris buffer followed by a final wash with 20 µL of distilled water. A 5 µL drop of 2%
uranyl acetate was placed on the grid for 1 min before removal of the excess solution with
a wedge of filter paper. Ni2+:NTA-immobilized samples were eluted from the grids by
adding 5 µL of 500 mM imidazole in Tris buffer immediately after sample deposition (i.e.,
instead of 6 Tris buffer washes). Nanodisc solubilized MalFGK2 and purified T7
bacteriophage samples were prepared in the same manner as the cell lysate samples.
Negatively stained samples were imaged using a Tecnai TF20 transmission electron
microscope operating at 200 kV.
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Preparation of Frozen Hydrated Samples for Cryo-EM: TEM grids modified with
stabilized 5:95 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE monolayers were treated
with His-tag protein samples as described above for negative-staining. After application of
the protein solution, the excess sample was removed by blotting the grids for 3 seconds
(twice) with an offset of -1 at 80% humidity using a Vitrobot (FEI Company). The grids
were then cryo-fixed by plunging into liquid ethane and imaged at 200 kV on an FEI
CM200 transmission electron microscope using low-dose techniques. Images were
recorded using a Gatan Ultrascan CCD.

Results and Discussion

mPEG350-DTPE was prepared in 32% yield by treatment of commercially available
1,2-(tricosa-10’,12’-diynoyl)-sn-glycero-3-phosphoethanolamine (DTPE) with the Nhydroxysuccinimidyl (NHS) active ester form of mPEG350 (Supplementary Information,
Scheme S1). NTA-PEG2000-DSPE was prepared in 9.5% yield by sequential modification
of doubly activated NHS-PEG2000-maleimide with 1,2-distearoyl-sn-glycero-3phosphoethanolamine (DSPE) and a thiol-modified lysine-NTA derivative (Figure 2;
Supplementary Information, Schemes S2-S4). NTA-PEG2000-DTPE was prepared in the
same manner as NTA-PEG2000-DSPE, except that DTPE was used for NHS displacement
instead of DSPE.
CHCl3 stock solutions of the lipid mixtures were prepared, spread at the air-water
interface at 20 C, a 5 min incubation period allowed for evaporation of the solvent, and
compressed at a rate of 10 Å2/molecule until film collapse at 30 mN/m – 35 mN/m for the
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mixed monolayers and 40 mN/m for pure mPEG350-DTPE monolayers. The pressure-area
isotherms shown in Figure S1 for 1:99 and 5:95 NTA-PEG2000-DTPE:mPEG350-DTPE
lipid mixtures displayed gradually increasing surface pressures upon film compression,
except that the onset of surface pressure occurred at larger molecular areas as the NTAPEG2000-DTPE composition in the film increased. We attribute this observation to the
displacement of surface-adsorbed NTA-PEG2000 from the air-water interface as
previously described25 for mixed mPEG2000-lipid monolayers. As this desorption process
progresses, the majority component, mPEG350, undergoes a mushroom-brush regime
transition upon compression to 30 mN/m while the NTA-PEG2000 fraction remains in the
mushroom configuration. The extension of the PEG2000 polymer mushroom conformation
from the surface of the film can be calculated by Lo = αN(α/D)2/3, where Lo = the length of
PEG graft, α = length of PEG monomer (3.5 Å), N = number of ethylene glycol units in
the PEG chain (i.e., 45), and D = the distance between grafting sites. For a lipid film
containing 1% NTA-PEG2000-DTPE, the grafting site separation is estimated to be 47 Å
and the Lo = 2.8 nm. Fully compressed 5:95 NTA-PEG2000-DTPE:mPEG350-DTPE
monolayers are estimated to have a grafting site separation of 9.4 Å and a NTA-PEG2000
graft extension of 8.2 nm. As the lipid film is compressed below 113 Å2/molecule, the
mPEG350 fraction enters the brush regime, while the NTA-PEG2000 polymer chain
accommodates further compression by extending farther away from the air-water interface
in a concentration-dependent manner. Consequently, a longer NTA-PEG was prepared for
these studies since it would confer greater conformational freedom to the immobilized
histidine-tagged target and present it in a greater diversity of possible orientations for
cryoEM single particle analysis.
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Since the lipid films typically collapsed at surface pressures above 30 mN/m, the
monolayers were compressed to 30 mN/m prior to Langmuir-Schaefer (LS) transfer onto
carbon-coated grids that were not subjected to glow discharge before LS deposition. This
method produced transfer ratios between 0.89 – 0.97 for the LS deposition step.
Photopolymerization of the lipid monolayer was initiated by placing the grids ~6 – 8 cm
from a handheld UV lamp and irradiated for 10 min. Grid performance as a function of
varied irradiation time suggested that a 10 min exposure was most favorable.
After monolayer film transfer onto 400 mesh grids and staining with freshly prepared
1% UO2(OAc)2, TEM images revealed the presence of large continuous areas exceeding
900 m2 in size that were punctuated by much smaller zones of higher contrast (Figure
S2). We infer from these findings that the large area regions were monolayer films with
occasional, interspersed domains of bilayer and trilayer films arising from partial
monolayer collapse during compression that were preserved by the photopolymerization
process. Sufficiently large areas of the grid were coated by stabilized monolayer film
structures to make them suitable for negative stain and cryoEM studies; however, the multilayer sections of the film were helpful for monitoring the stability of the film in the presence
of detergents as described below.
The anti-fouling properties of the mPEG350 brush layer within the stabilized monolayer
coating was probed qualitatively using fluorescence microscopy analysis of His8-GFPuv
adsorption onto these modified surfaces. Wide field and line scan fluorescence microscopy
analysis revealed that glow discharged bare amorphous carbon surfaces possessed nearly
20-fold greater fluorescence intensities after exposure to His8-GFPuv than grids bearing
mPEG350 brush regime coatings (>8000 RFU and ~400 RFU, respectively; Figure S3).
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Our data shows that the fluorescence distribution was uniform over both types of surfaces,
however, in rare instances there were small variations in fluorescence observed. In those
cases, we attribute the areas of decreased fluorescence to grid regions with an incomplete
carbon coating, whereas zones of substantially increased fluorescence were ascribed to
incomplete LS transfer of the brush layer mPEG350-DTPE. We infer from these findings
that non-specific binding of protein on the brush regime mPEG350-DTPE coated grids is
much lower than that of glow discharged bare carbon films due to the combined effects of
molecular weight, polymer hydration, excluded volume, elastic restoration effect, and
grafting density on the surface that enhance the antifouling properties of the mPEG
coating.22, 26, 27 In some cases, low molecular weight PEG polymers such as mPEG350
display greater antifouling properties than their higher molecular weight counterparts since
the shorter PEG chains are better able to form a more densely packed layer.28, 29 Based on
these findings, we concluded that brush regime mPEG350-DTPE monolayers, deposited
onto a carbon coated surface by LS transfer, would be a good candidate for blocking nonspecific adsorption of macromolecules onto EM grid surfaces. To test this assumption, we
conducted a comparative study between DLPC monolayers and mPEG350-DTPE
stabilized monolayers, both deposited via LS transfer, using bare carbon grids as a control.
His8-GFPuv capture on grids bearing stabilized 1:99 and 5:95 Ni2+:NTA-PEG2000DTPE:mPEG350-DTPE monolayers was first demonstrated by fluorescence microscopy.
Wide-field fluorescence images (Figure S4) of Ni2+:NTA-PEG2000-DTPE:mPEG350DTPE modified grids reveal a non-uniform, concentration-dependent GFP fluorescence.
Some spots of bright fluorescence, suggestive of GFP aggregation, were also observed.
The observed pixel intensities in the fluorescence line scan analyses were higher for the
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grids bearing a 5:95 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE coating than the grids
coated with a 1:99 monolayer. In both cases, the bound His8-GFPuv could be removed
from the grid surface after a brief 5 min exposure to either 500 mM imidazole or 150 mM
EDTA to remove Ni2+ from the His8:Ni2+:NTA complex to enable elution of the
immobilized protein target from stabilized, Ni2+ activated 1:99 and 5:95 Ni2+:NTAPEG2000-DTPE:mPEG350-DTPE monolayers. These findings indicate that His-tag
targets can be captured in an NTA concentration-dependent manner, with higher NTA
loadings producing greater target protein concentrations on TEM coated with stabilized,
Ni2+-activated NTA-PEG2000-DTPE:mPEG350-DTPE monolayers.
Purified His6-T7 bacteriophage (109-10 particles/mL) was used to probe the non-specific
adsorption properties of DLPC and mPEG350-DTPE stabilized monolayer-coated grids at
higher resolution, with carbon coated, glow-discharged grids serving as a control. The
irregular opaque zones of varying size in the images of carbon coated, glow-discharged
grids are assigned to the deposition of magnesium salts used as a supplement in the purified
His6-T7 preparations, although evidence of other occult debris from the purified virus
sample is also apparent (Figure 3A). DLPC coated grids were found to decrease the
amount of T7 that was adsorbed to the grid relative to bare carbon grids (Figure 3B),
indicating that interactions between T7 bacteriophage and the DLPC monolayer are not as
favorable. Nonetheless, a significant amount of occult debris remained on the DLPC
monolayer coated grids. Grids coated with mPEG350-DTPE stabilized monolayers;
however, displayed a greatly reduced accumulation of both T7 and debris (Figure 3C).
Quantitative comparisons of the T7 particle densities on the three grid types revealed that
bare carbon grids accumulated ~3 particles/1.5 μm2, DLPC monolayers ~1 particle/1.5
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μm2, and 0.3 particle/1.5 μm2. We infer from these findings that mPEG350-DTPE
stabilized monolayers are the most effective toward blocking non-specific adsorption of
T7 bacteriophage (Figure 3D). Low magnification images of purified T7 deposited onto
both DLPC and mPEG-DTPE stabilized monolayer coated grids reveal a substantially
lower background in the case of mPEG350-DTPE coated grids (Figure 3E and 3F).
After evaluating the capacity of these grids to inhibit non-specific adsorption, we next
turned our attention to their ability to direct affinity-guided interactions with NTAmodified grids. First, we used fluorescence microscopy to monitor His8-GFPuv capture on
grids bearing stabilized 1:99 and 5:95 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE
monolayers. Wide-field fluorescence images (Figure S4) of Ni2+:NTA-PEG2000DTPE:mPEG350-DTPE modified grids reveal a non-uniform, concentration-dependent
GFP fluorescence. Occasional spots of bright fluorescence, suggestive of GFP aggregation,
were also observed. The observed average pixel intensities in the fluorescence line scan
analyses were higher for the grids bearing a 5:95 Ni2+:NTA-PEG2000-DTPE:mPEG350DTPE coating than the grids coated with a 1:99 monolayer. In both cases, the bound His8GFPuv could be removed from the grid surface after a brief 5 min exposure to either 500
mM imidazole or 150 mM EDTA to remove Ni2+ from the His8:Ni2+:NTA complex to
enable elution of the immobilized protein target from stabilized, Ni2+ activated 1:99 and
5:95 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE monolayers. These findings indicate
that histidine-tagged targets can be captured in an NTA concentration-dependent manner,
with higher NTA loadings producing greater target protein concentrations on TEM coated
with stabilized, Ni2+-activated NTA-PEG2000-DTPE:mPEG350-DTPE monolayers.
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Affinity capture of His6-T7 bacteriophage from cell lysates was then tested by negative
stain and cryoelectron microscopy using grids modified with mPEG350-DTPE stabilized
monolayers, Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE stabilized monolayers, and
Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE stabilized monolayers rinsed with 500 mM
imidazole after lysate exposure (Figure 4). In the presence of mPEG350-DTPE stabilized
monolayers, we observed minimal binding of His6-T7 bacteriophage and very low levels
of debris from the lysate onto the grid (Figure 4A). In some cases, T7 particles were not
observed on the brush polymer surface even at low magnification, suggesting a complete
blockage of non-specific adsorption. Grids bearing Ni2+-charged 1:99 NTA-PEG2000DTPE:mPEG350-DTPE stabilized monolayers were capable of capturing His6-T7
bacteriophage from cell lysate while limiting the background adsorption of undesired nontarget cellular components (Figure 4B). Exposure of these samples to 500 mM imidazole
led to greatly decreased surface adsorption of His6-T7 bacteriophage, suggesting that the
interaction of phage particles with the supported NTA-lipid monolayer is Ni2+ specific
(Figure 4C). Since the affinity ligand content within the grid coating has been previously
increased to compensate for particle capture efficiency limitations in samples prepared for
cryogenic imaging10 due to unfavorable kinetics and/or modest ligand-receptor affinities,30
we examined 1:99 and 5:95 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE stabilized
monolayer coated grids by cryoEM to determine whether the areal density of NTA ligands
had a detectable influence on His6-T7 bacteriophage capture efficiency. Using identical
sample processing methods and incubation times, we qualitatively observed an increase in
particle surface density with increasing Ni2+:NTA-PEG2000-DTPE composition
(unpublished data). Since this comparison was not performed in side-by-side manner
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between

1:99

and

5:95

Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE

stabilized

monolayers with the same lysate, it is conceivable that these findings may be the result of
different virus titers in the His6-T7 bacteriophage preparations. Nonetheless, these findings
are consistent with the His8-GFPuv experiments described above (Figure S4) showing that
higher surface concentrations of affinity capture lipid produces greater areal densities of
immobilized target on the NTA-modified surface, with the 5:95 Ni2+:NTA-PEG2000DTPE:mPEG350-DTPE stabilized monolayer coated grids being more suitable for
cryoEM sample preparation (Figure 4D).
We next demonstrated the capture of the 50S E. coli ribosomal subunit,10 His6-RplL,
directly from cell lysates onto grids coated with Ni2+:NTA-PEG2000-DTPE:mPEG350DTPE stabilized monolayers. Negative stain EM images of His6-RplL lysate deposited
onto grids coated with mPEG350-DTPE stabilized monolayers showed no appreciable
target-specific adsorption onto the grid (Figure 5A). After LS deposition of 1:99
Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE stabilized monolayers onto the grids,
particles consistent with the size and various shapes of the 50S subunit were observed on
the grid surface (Figure 5B). When 500 mM imidazole was added to samples containing
the captured ribosomal particles on 1:99 Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE
stabilized monolayers, the previously adsorbed particles were eluted from the surface of
the TEM grid (Figure 5C), consistent with the expectation that the interaction of His6RplL with the surface of the grid is Ni2+ specific. Using the same sample preparation
procedure, cryoEM analysis revealed the capture of His6-RplL from E. coli lysates (Figure
5D).
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We observed crown-like projections in some of our cryoEM images (Figure 5D). These
have frequently been reported and are attributed to the 50S ribosomal subunit. The earliest
reported TEM images of ribosomes were small, featureless bumps on the grid surface;31
however, more powerful tools eventually led to the revelation of several features in the
ribosomal units such as ‘crown-like’ and ‘duck-like’ projections for the 50S and 30S
subunits, respectively.32, 33 Since the RplL protein carries the hexahistidine tag on the 50S
subunit in our construct, we identified many more of these particles bound to the grid than
the 30S subunit. Crown-like projections are clearly seen from the side view of the 50S
particle with a central protuberance, a ridge, a stalk, and two groove-like features.
A key design feature of these stabilized affinity coatings is their utilization of two
different types of poly(ethylene glycol)-modified lipids, one high molar ratio brush layer
short segment to block non-specific adsorption and facilitate stabilization via
photopolymerization (i.e., mPEG350-DTPE) and a second low molar ratio component to
enable multiple orientations of the captured protein target to avoid preferred orientations
at the monolayer interface so provide a more representative single particle reconstruction
analysis data set. We tested this hypothesis by preparing dozens of TEM grids bearing the
stabilized Ni2+:NTA-PEG2000-DSPE:mPEG350-DTPE coating that had treated with
lysates containing His6-RplL. CryoEM evaluation of these grids confirmed that the NTAPEG2000 tether is capable of both capturing and presenting multiple orientations of the
bound His6-RplL target as demonstrated by the overlay of the known 50S subunit and 70S
complex structures in different rotational configurations onto the corresponding EM
images shown in Figures 6A-D.
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MSP have become an increasingly popular tool for stabilizing membrane protein
dispersions since it provides a platform in which the local environment of solubilized
membrane proteins resemble the natural environment of the lipid bilayer in cells.34 MSP
are used to corral a small cluster of lipid-membrane protein dispersion to form disk-like
structure with a lipid bilayer filled interior that can reconstitute membrane proteins for
structure analysis by electron microscopy,35, 36 protein modification studies,37 and protein
activation analysis.38 We used the purified hexahistidine-tagged maltose transporter, His6MalFGK2, solubilized in lipid nanodisc, for evaluating their affinity capture properties on
NTA-modified stabilized affinity grids. Although MSP’s can tolerate His-tags for affinity
purification,39 we used the His6-MalFGK2 construct for nanodisc reconstitution to ensure
that only His6-MalFGK2 containing nanodisc are surface immobilized. We found that His6MalFGK2 treated mPEG350-DTPE stabilized monolayer coated grids appeared to have
fewer particles bound to the grid surface (Figure 7A) than the grids coated with 1:99
Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE

stabilized

monolayers

(Figure

7B).

Treatment of the His6-MalFGK2-immobilized grids with 500 mM imidazole produced a
decrease in MSP nanodisc binding to the surface (Figure 7C), further suggesting that the
interaction between nanodisc solubilized His6-MalFGK2 and the NTA-modified surface is
Ni2+ specific. High magnification images of nanodisc solubilized His6-MalFGK2
immobilized

onto

5:95

Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE

stabilized

monolayers (Figure 7D) reveal a set of disc-like features in the size range of other lipid
nanodisc dispersions (7 – 13 nm in diameter).40 Although the His6-MalFGK2 within the
MSP nanodiscs is not directly observed due to its small size relative to the nanodiscs, the
fact that these features elute with 500 mM imidazole strongly corroborates the assumption
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that they contain His6-MalFGK2. In addition, our images show predominantly top/bottom
views of the particles, i.e., a disk-like appearance in TEM micrographs (Figure 7D),
suggesting that a longer PEG spacer is needed to collect a greater number of side views for
this solubilized target.
In order to test the durability of the stabilized monolayers toward detergent exposure,
the modified grids were treated with either 0.03% Triton X-100 (CAC = 0.015%), 0.014%
Tween 20 (CAC = 0.0072%), and 0.5% CHAPS (CMC=0.49%) solutions for varying
periods of time before TEM observation. Lipid monolayers adsorbed to solid substrates
display better detergent resistance than lipid bilayers that are prone to disruption via lipid
flip-flop.41,

42

Initial encounter of detergents with the outer bilayer leaflet results in

fluidization and lipid flip-flop from the inner leaflet to the outer leaflet, eventually leading
to complete solubilization of the bilayer structure.42 Inhibition of flip-flop due to adsorption
of a highly compressed monolayer onto the solid carbon substrate inhibits flip-flop
processes, leading to improved detergent resistance.
Despite some evidence of enhanced detergent resistant of supported DLPC monolayers,
prior attempts to produce TEM grids coated with mixed Ni2+:NTA-DSG:DPLC
monolayers showed that their exposure to harsher detergents such as Triton X-100, Tween20, and CHAPS led to monolayer solubilization.10 We tested the detergent resistance of
our stabilized Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE monolayer coatings under
conditions where DLPC monolayers failed by using 0.03% Triton X-100 (CMC = 0.015%),
0.014% Tween 20 (CMC = 0.0072%), and 0.5% CHAPS (CMC=0.49%) at 5, 15, and 30
min exposures to the detergent solutions. Negative stain TEM observation of the coatings
after detergent exposure indicated that stabilized Ni2+:NTA-PEG2000-DTPE:mPEG350-
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DTPE monolayer coatings remain intact after 30 minutes of incubation with Triton X-100,
Tween-20, and CHAPS (Figure 8). In the case of Triton X-100, some holes in the
monolayer were occasionally observed, but none were apparent in grids treated with Tween
20 or CHAPS. The capacity of these coatings to immobilize purified His6-T7 bacteriophage
after detergent exposure for 20 min indicated that a modest reduction in phage binding to
the grid occurred, however, the immobilized His6-T7 bacteriophage particles were bound
specifically as indicated by their ability to be removed by elution with 500 mM imidazole
(unpublished data).
Fluorescence

microscopy

analysis

of

detergent-treated

Ni2+:NTA-PEG2000-

DTPE:mPEG350-DTPE monolayers revealed that the stabilized Ni2+ lipid monolayer
coatings retained their ability to capture His8-GFPuv (Figure S5). Pixel intensity data was
collected over the entire fluorescence image to best represent the overall specific capture
capacity of the coating, regardless of whether it had been detergent compromised or not.
In the case of Triton X-100 exposed samples, the fluorescence was occasionally enhanced
near the grid edges, possibly as a result of solubilized or damaged monolayer near the
center of the grid holes that were unable to capture His8-GFPuv in those regions. We did
not see this phenomenon with either CHAPS- or Tween 20-treated surfaces. These grids
exhibited a uniform distribution of His8-GFPuv fluorescence over the grid holes until the
surfaces were treated with 500 mM imidazole to displace the immobilized protein. Despite
the limitations of these stabilized Ni2+:NTA-PEG2000-DTPE:mPEG350-DTPE monolayer
coatings toward prolonged Triton X-100 exposure, our data indicates that histidine-tagged
proteins can be reversibly immobilized even after detergent exposure. We infer from these
findings that both the integrity of the stabilized lipid monolayer and the specific affinity
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capture of the grids remains intact after exposure to detergents that has proven detrimental
to previously reported mixed Ni2+:NTA-DGS:DLPC monolayers.10

Conclusions
Langmuir-Schaefer transfer of compressed, mixed lipid monolayers containing Ni2+:NTAPEG2000:mPEG350 headgroups in 1:99 and 5:95 molar ratios are capable of capturing
His-tag protein targets from cell lysates with controllable areal densities and low degrees
of non-specific protein adsorption. Photopolymerization of the mPEG350-DTPE
component in these monolayers by irradiating for 5 min at 254 nm produced EM grids with
stabilized lipid coatings that were used to then used to capture His6-T7 bacteriophage and
His6-RplL from cell lysates, purified His8-GFPuv, and nanodisc embedded His6-MalFGK2.
Our data indicate that the crosslinked lipid coating maintains the non-fouling properties of
the monolayer and provides multiple orientations of the captured target on the surface,
while also affording greater mechanical and detergent resistance than previously reported
for EM grid-supported DLPC monolayers.
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Figure 1. Conceptual diagram showing stabilized monolayer affinity grid fabrication and utilization.
(Top left) A fluid-phase mixed lipid monolayer comprised of Ni2+:NTA-PEG2000-DSPE and mPEG350DTPE (1:99 or 5:95 mol:mol) was compressed until the mPEG350-DTPE component entered the brush
regime and the diyne lipid chains were fully condensed; (Top center) the condensed lipid monolayer film
was deposited onto carbon-coated TEM grids via Langmuir-Schaefer (LS) transfer; (Top right)
2+
photopolymerization of the LS film, followed by Ni activation, produces a grid with a stable affinity
capture coating; (Bottom right) solutions containing the His-tag protein of interest are deposited onto the
coated grids, either as a clarified cell lysate or as a purified protein sample; (Bottom center) blotting and
rinsing of the sample removes non-target material prior to (Bottom left) cryofixation (or negative
i i )

Figure 2. Structures of (A) mPEG350-DTPE and (B)
NTA-PEG2000-DSPE.
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Figure 3. Comparative performance of uncoated (bare carbon, glow-discharge), DLPC, and mPEG350DTPE coated grids toward non-specific protein adsorption (i.e., lacking NTA groups to promote specific
binding). The capacity of these grids to reject non-specific protein adsorption was tested by negative
stain TEM analysis using His6-T7 bacteriophage in purified form or within cell lysates. (A) Purified
His6-T7 bacteriophage on glow-discharged bare carbon grid; (B) purified His6-T7 bacteriophage on
100% DLPC monolayer coated grid; (C) His6-T7 bacteriophage on stabilized 100% mPEG350-DTPE
monolayer coated grid; (D) number of non-specific contaminants adsorbed from purified His6-T7
bacteriophage solution onto bare carbon grids (blue), DLPC coated grids (red), and mPEG350-DTPE
coated grids (green) as determined by counting 60 randomly selected fields across 3 different grids for
each grid type; (E) His6-T7 bacteriophage in cell lysate applied to 100% DLPC coated grid; and (F)
His6-T7 bacteriophage in cell lysate applied to stabilized 100% mPEG350-DTPE coated grid.
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Figure 4. Effect of NTA surface density on His-T7 bacteriophage captured from cell lysates using
negative stain and cryoEM analysis. (A) Negative stain TEM appearance of grid coated with stabilized
100% mPEG350-DTPE monolayer after 2 min exposure to cell lysate containing His-T7 bacteriophage;
(B) same as in (A), except that the grid was coated with stabilized 1:99 Ni2+:NTA-PEG2000DSPE:mPEG350-DTPE monolayer; (C) same as in (B), except that the grid was rinsed with 500 mM
imidazole, pH = 7.4 after the 2 min lysate exposure step; and (D) cryoEM appearance of grid coated with
stabilized 5:95 Ni2+:NTA-PEG2000-DSPE:mPEG-350-DTPE monolayer after 2 min exposure to cell
lysate containing His-T7 bacteriophage.
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Figure 5. Affinity capture of His-RplL from cell lysates onto stabilized Ni2+:NTA-PEG2000DTPE:mPEG-350-DTPE monolayer coated grids. (A) Negative stain TEM of grid coated with
stabilized 100% mPEG350-DTPE after 2 min exposure to cell lysate containing His-RplL; (B) negative
stain TEM of grid coated with 1:99 Ni2+:NTA-PEG2000-DSPE:mPEG350-DTPE after 2 min exposure
to cell lysate containing His-RplL; (C) same as in (B), except that the grid was rinsed with 500
imidazole, pH=7.4 after the 2 min exposure to cell lysate containing His-RplL; and (D): cryoEM image
of grid coated with stabilized 5:95 Ni2+:NTA-PEG2000-DSPE:mPEG-350-DTPE monolayer after 2 min
exposure to cell lysate containing His-RplL.
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Figure 6. CryoEM images and conformational overlay
showing representative views of His-tag RplL from cell
lysates onto stabilized 5:95 Ni2+-NTA-PEG2000DSPE:mPEG350-DTPE monolayer coated grids. (A, B)
Projections of different ribosomal large subunit (50S)
orientations onto corresponding cryoEM images; (C,
D): projections of different full ribosomal (70S) particle
orientations onto corresponding cryoEM images.
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Figure 7. Affinity capture of MSP nanodisc containing purified His-MalFGK2. (A) Negative stain
TEM of stabilized 100% mPEG350-DTPE monolayer-coated grid after treatment with HisMalFGK2 in nanodiscs; (B) negative stain TEM of His-MalFKG2 in nanodisc captured on
stabilized 1:99 Ni2+:NTA-PEG2000-DSPE:mPEG350-DTPE monolayer-coated grid; (C) same as
in (B), except that the grid was rinsed with 500 mM imidazole, pH = 7.4 after the His-MalFGK2 in
nanodisc exposure step; and (D) cryoEM of His-MalFGK2 in nanodisc captured on stabilized 5:95
Ni2+:NTA-PEG2000-DSPE:mPEG-350-DTPE monolayer-coated grid.
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Figure 8. Effect of detergent exposure on 1:99
2+
Ni :NTA-PEG2000-DSPE:mPEG350-DTPE stabilized
monolayer affinity grids as determined by fluorescence
microscopy using His-GFP as a probe for NTA
monolayer retention.

